Feasibility model of an advanced crossed-field amplifier for space communication systems by Bernstein, G. et al.
NASA CR-86334 / 
FEASl Bl  L lTY MODEL 
OF 
AN ADVANCED CROSSED-FIELD AMPLl FlER 
FOR 
S PACE COMMUNICATION SYSTEMS 
b Y 
G. Bernstein 
H. McDowel l  
T. Schultz 
January 1970 
D is t r ibu t ion  o f  th i s  report  i s  provided i n  the interest of in-  
formation exchange and should not  be construed as endorse- 
ment by NASA of the mater ial  presented. Responsib i l i ty  for 
the contents res ides w i th  the organizat ion that  prepared it. 
Prepared under Contract  No. NAS12-653 
b Y 
S-F-D laborator ies/A Varian D i v i s i o n  
800 Rahway Avenue 
Union, New Jersey 
Elect ron ics Research Center 
Cambridge, Massachusetts 
Na t iona l  Aeronaut ics and Space Administrat ion 
https://ntrs.nasa.gov/search.jsp?R=19700015904 2020-03-12T02:37:43+00:00Z
Technical Monitor, NAs12-652 
C.M. Veronda, Chief 
C i r cu i t s  and Antennas Branch 
Optics and Microwave Laboratory 
E1ec.troni.c~ Research Center 
575 Technology Square 
Cambridge, Massachusetts 02139 
Requests f o r  copies  of t h i s  r epo r t  should b e  r e f e r r ed  t o  
NASA S c i e n t i f i c  and Technical Information 
F a c i l i t y  
P.O. Box 33 
College Park, Maryland 20740 
, NASA CR-86334 
PEASIBILITY MODEL 
OF 
AN ADVANCED CROSSED-FIELD AMPLIFIER 
FOR 
SPACE COMMUNICATION SYSTEMS 
G.  F e r n s t e i n  
H.  McDowell 
T. S c h u l t z  
J a n u a r y  1970 
P r e p a r e d  u n d e r  C o n t r a c t  No. ~ A s 1 2 - 6 5 3  
by  
S-F-D l a b o r a t o r i e s / A  V a r i a n  D i v i s i o n  
800 Rahway Avenue 
Union ,  New J e r s e y  
E l e c t r o n i c s  Resea r ch  C e n t e r  
Cambridge,  M a s s a c h u s e t t s  
N a t i o n a l  A e r o n a u t i c s  and Space  A d m i n i s t r a t i o n  

ABSTRACT 
This report presents the results of a program to develop 
and demonstrate a feasibility model of a new form of crossed-field 
amplifier suitable for use in AM or RM transmitters. 
The use of an external beam injection scheme combined with 
a multi-element collector structure provides the mechanism for 
achieving a high conversion efficiency over a wide dynamic range of 
RF drive levels. 
The evolution of the design., the experimental results and 
recommendations for further development ~f this type of.amplifier are 
included in the report. 
During the program, a power output of over 2 kw with a 
saturated power gain over X) db was obtained. The maximum efficiency 
observed was over 70%, although noise power generation at this 
operating mode did not allow simultaneous demonstration of wide 
dynamic range and zero signal stability. Wide dynamic range and zero 
signal stability were demonstrated with reduced efficiency. Methods 
to obtain all desirable characteristics simultaneously are suggested 
and preliminary investigations of these methods-were conducted. The 
basic feasibility of the axial injected beam crossed-field amplifier 
has been demonstrated and satisfactory performance .obtained for a 
saturated amplifier. Further work is required to obtain dynamic 
range. 
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1 . 0  INTRODUCTION 
This i s  t h e  f i n a l  r e p o r t  on a program t o  develop and 
demonstrate a f e a s i b i l i t y  model of a n  advanced c r o s s e d - f i e l d  a m p l i f i e r  
capab le  of h i g h  convers ion e f f i c i e n c y  and wide dynamic ra'nge. The 
a m p l i f i e r  was t o  be  s u i t a b l e  f o r  u s e  i n  TV communication t r a n s m i t t e r s  
us ing e i t h e r  AM o r  FM a s  t h e  modulation mode. This  program was c a r r i e d  
ou t  f o r  t h e  NASA (cambridge) E l e c t r o n i c  Research Center under 
Contract  N A S ~ ~ - 6 5 3 .  
1.1 Program Qb j e c t i v e s  
The fol lowing were t h e  primary o b j e c t i v e s  t o  be  demonstrated 
by t h e  exper imenta l  c r o s s e d - f i e l d  a m p l i f i e r .  
1.1.1 Frequency 
The a m p l i f i e r  des ign  t o  b e  evolved was t o  be compat ib le  w i t h  
o p e r a t i o n  e i t h e r  i n  t h e  UHF range ( 0 . 5  GHz t o  1 .5 GHZ) o r  a t  S-band 
(2 .5  GHz t o  3.2 G H Z ) .  The contr 'act s t i p u l a t e d  t h a t  i n  o rde r  t o  ach ieve  
a minimum program c o s t ,  a  demonstra t ion a t  a n  a k e r n a t e  frequency 
could b e  chosen i f  t h e  des ign  were such t h a t  i t  could  b e  r e a d i l y  
s c a l e d  t o  t h e  above frequency ranges .  The a c t u a l  exper imenta l  
a m p l i f i e r  was b u i l t  t o  o p e r a t e  a t  t h e  lower end of t h e  UHF range ,  
300 MHz. 
1 . 1 . 2  Power Output 
The power ob j e e t i v e s  of t h e  program included a peak power 
output  of  5 kw corresponding t o  t h e  synchroniz ing p u l s e  l e v e l ,  and a n  
average  power c a p a b i l i t y  of  1.6 kw t o  f i t  a n  assumed average TV s i g n a l .  
1 .1 .3  RF Bandwidth 
The ins tan taneous  Z db bandwidth was t o  b e  40 MHz w i t h  t h e  
i n d i c a t i o n  t h a t  180 MHz would b e  d e s i r a b l e  w i t h  anode v o l t a g e  ad jus tment .  
1 .1 .4  Conversion E f f i c i e n c y  
An e f f i c i e n c y  o f  a t  l e a s t  65% a t  peak synchron iz ing  
s a t u r a t i o n  l e v e l  was s o u g h t ,  w i t h  g r e a t e r  t h a n  50% t o  be  o b t a i n e d  a t  
t h e  assumed a v e r a g e  TV l e v e l  of  o n e - t h i r d  o f  t h i s  s a t u r a t i o n  l e v e l .  
The c o n v e r s i o n  e f f i c i e n c y  i s  d e f i n e d  a s  t h e  RP power o u t p u t  minus t h e  
RF power i n p u t  d i v i d e d  by t h e  t o t a l  pr ime power i n p u t .  
1 . 1 . 5  Power Gain 
A minimum of  14 db o f  g a i n  was e s t a b l i s h e d .  
1.1.6 Dynamic Range 
The dynamic r a n g e  was t o  b e  20 db f o r  a n  AM s i g n a l .  
1.1.7 S t a b i l i t y  
Zero s i g n a l  s t a b i l i t y  was t o  b e  e x h i b i t e d  w i t h  a n  o u t p u r  
VSWR o f  2 : l .  
1.1.8 L i n e a r i t y  
L i n e a r i t y  was t o  b e  such  t h a t  s t a n d a r d  communication n o i s e  
l o a d i n g  power r a t i o  o r  two t o n e  t e s t s  would e x h i b i t  r e s u l t s  i n  e x c e s s  
of  40 db.  
1.1.9 Modula t ion  C a p a b i l i t y  
The t u b e  was t o  have  c a p a b i l i t i e s  a d e q u a t e  t o  hand le  a m p l i t u d e  
modu la t ion  r e q u i r i n g  a  6 MHz bandwidth o r  FM modula t ion  r e q u i r i n g  a 
40 MHz bandwidth.  
1 . 1 . 1 0  Weight ,  S i z e ,  Cool ing ,  and Environment 
The f a c t o r s  of  w e i g h t ,  s i z e ,  c o o l i n g ,  and c o m p a t i b i l i t y  w i t h  
s p a c e  environment were t o  be c o n s i d e r e d  i n  t h e  b a s i c  d e s i g n  b u t  were  
n o t  pr imary  c o n s i d e r a t i o n s  i n  t h i s  demons t r a t ion  a m p l i f i e r .  
8.IF.D laboratoriee, ine. 
1.1.11 Life 
A des ign  c o n s i s t e n t  w i t h  a  minimum of two y e a r s  of continuous 
o p e r a t i o n  was p a r t  of  t h e  g o a l  of t h i s  program. However, i t  was not  
r e q u i r e d  of t h e  f e a s i b i l i t y  model. 
1 . 2  Approach Chosen t o  Meet Program Objec t ive  
The a m p l i f i e r  chosen a s  being b e s t  s u i t e d  t o  meet a l l  of 
t h e  o b j e c t i v e s  of t h e  program was t h e  a x i a l  i n j e c t i o n  c r o s s e d - f i e l d  
a m p l i f i e r .  This s p e c i f i c  format of  c r o s s e d - f i e l d  a m p l i f i e r  (CFA) was 
developed by S-F-D l a b o r a t o r i e s .  E a r l y  background exper ience  f o r  t h e  
cho ice  of t h i s  tube  type was e s t a b l i s h e d  by low power experiments 
sponsored by S-F-D l a b o r a t o r i e s .  I n  a d d i t i o n ,  a n  i n i t i a l  t h e o r e t i c a l  
i n v e s t i g a t i o n  on t h e  u s e  of t h e  a x i a l  i n j e c t i o n  CFA i n  a  TV s a t e l l i t e  
t r a n s m i t t e r  was c a r r i e d  o u t  f o r  t h e  NASA Lewis Research Center under 
Contract  N A s ~ -  11516. 
The a x i a l  i n j e c t i o n  c r o s s e d - f i e l d  a m p l i f i e r  g e n e r a t e s  t h e  
e l e c t r o n  stream i n  t h e  i n t e r a c t i o n  space  no t  by thermionic  o r  secondary 
emiss ion from t h e  s o l e  e lement ,  b u t  by i n j e c t i o n  of  a  hollow beam 
genera ted  i n  a  magnetron i n j e c t i o n  gun. The beam i s  i n j e c t e d  i n t o  t h e  
. i n t e r a c t i o n  space p a r a l l e l  t o  t h e  magnetic f i e l d  and t h e  a x i s  of 
symmetry of t h e  c i r c u l a r  tube .  This means of i n j e c t i o n  i s  h i g h l y  
s i m i l a r  t o  t h a t  used i n  t h e  v o l t a g e  tunab le  magnetron. I n  t h e  o r i g i n a l  
concept ,  t h e  c u r r e n t  was t o  b e  c o l l e c t e d  a f t e r  making one a x i a l  t r a n s i t  
through t h e  i n t e r a c t i o n  space .  It appeared t h a t  t h i s  approach would 
y i e l d  t h e  d e s i r e d  o p e r a t i n g  c h a r a c t e r i s t i c s .  Some of t h e s e  
c h a r a c t e r i s t i c s  were a v a i l a b l e  i n  va r ious  o t h e r  types  of  c r o s s e d - f i e l d  
a m p l i f i e r s  bu t  no t  a l l  of them i n  one type.  
The des ign  approach taken makes i t  p o s s i b l e  t o  ach ieve  t h e  
v e r y  h i g h  s a t u r a t i o n  convers ion e f f i c i e n c y  and compact s i z e  of t h e  
e m i t t i n g  s o l e  c r o s s e d - f i e l d  a m p l i f i e r .  However e m i t t i n g  s o l e  CFAs a r e  
not  ze ro  s i g n a l  s t a b l e  and have no dynamic range.  
S*FeD labomtoriee, inc. 
The c o n t r o l  of beam c u r r e n t  and ppace charge  d e n s i t y  made 
p o s s i b l e  by t h e  e x t e r n a l  magnetron i n j e c t i o n  gun provides  t h e  means t o  
o b t a i n  ze ro  s i g n a l  s t a b i l i t y  and a n  extended l i n e a r  dynamic range .  
The l i f e  c a p a b i l i t i e s  of t h e  a x i a l  i n j e c t i o n  e l e c t r o n  gun 
a r e  s i m i l a r  t o  t h e  demonstrated long l i f e  c a p a b i l i t i e s  of thermionic  
cathodes a s  used i n  l i n e a r  beam microwave t u b e s ,  such a s  k l y s t r o n s  and 
t r a v e l i n g  wave tubes .  
The u s e  of a n  a p p r o p r i a t e l y  designed mul t i -e lement  c o l l e c t o r  
makes p o s s i b l e  t h e  c o n t r o l  of  dc power i n p u t  a s  a  f u n c t i o n  of t h e  RF 
d r i v e  l e v e l ,  thus  main ta in ing  a  h igh  l e v e l  of  e f f i c i e n c y  a t  d r i v e  l e v e l s  
below t h e  s a t u r a t i o n  va lue .  This  i s  of p a r t i c u l a r  importance i n  t h e  
c a s e  of a n  ampl i tude modulated TV s i g n a l  where t h e  average  power l e v e l  
i s  5 db below t h e  peak synchroniz ing p u l s e ,  
The r e q u i r e d  RF bandwidth was ob ta ined  by t h e  cho ice  of a n  
a p p r o p r i a t e  forward wave delay l i n e ,  f o r  u s e  a s  t h e  anode Of t h e  tube.  
Crossed- f i e ld  a m p l i f i e r s  of many v a r i e t i e s  have demonstrated 
ins tan taneous  bandwidths f a r  i n  excess of t h a t  r e q u i r e d  by t h i s  program. 
The concept of i n j e c t i n g  t h e  c u r r e n t  cont inuously  a long t h e  
l e n g t h  of t h e  RF c i r c u i t  makes p o s s i b l e  a  reduced v a l u e  of  emiss ion 
d e n s i t y  which g r e a t l y  enhances t h e  a b i l i t y  of  t h e  tube t o  meet t h e  
e x t e n s i v e  l i f e  requirements  of  t h e  a m p l i f i e r .  A more extended 
d i s c u s s i o n  of t h e  va r ious  f e a t u r e s  of t h e  a x i a l  i n j e c t i o n  c r o s s e d - f i e l d  
a m p l i f i e r  w i l l  b e  g iven i n  S e c t i o n  2 of t h i s  r e p o r t .  
The i n i t i a l  des ign  a c t i v i t i e s  on t h i s  program included t h e  
s e l e c t i o n  of a  h e l i x  loaded b a r  c i r c u i t  of e x i s t i n g  des ign  a s  t h e  slow 
wave c i r c u i t  t o  b e  used i n  t h e  a m p l i f i e r .  The des ign  of t h e  o p t i c s  
of t h e  magnetron i n j e c t i o n  gun and t h e  s ix-e lement  c o l l e c t o r  system 
were a l s o  c a r r i e d  o u t .  The d e t a i l e d  r e s u l t s  of t h e  e l e c t r o n  gun 
a n a l y s i s ,  w i t h  r e s p e c t  t o  a x i a l  v e l o c i t y  d i s t r i b u t i o n  i n  t h e  beam, 
e v e n t u a l l y  l e d  t o  m o d i f i c a t i o n  of  some of t h e  o r i g i n a l  des ign concepts  
concerning removal of t h e  beam a f t e r  one a x i a l  passage.  The beam 
S.E'*D labomtoriee, inc. 
t r a j e c t o r y  c a l c u l a t i o n s  were implemented w i t h  a  d i g i t a l  computer 
program which i s  i n  u s e  f o r  doing e l e c t r o n  t r a j e c t o r y  t r a c i n g  i n  a n  
a x i a l  i n j e c t i o n  geometry. The c a l c u l a t i o n  of t h e  smal l  s i g n a l  
i n t e r a c t i o n  parameters  and l a r g e  s i g n a l  performance was c a r r i e d  ou t  f o r  
va r ious  c o n d i t i o n s  of a x i a l  v e l o c i t y  sp read  w i t h i n  t h e  beam. The 
l a r g e  s i g n a l  c a l c u l a t i o n s  were c a r r i e d  o u t  w i t h  a  d i g i t a l  computer 
program which has  c a p a b i l i t i e s  f o r  handl ing bo th  t h e  space  charge  and 
no space  charge c a s e s .  Some of  t h e  l a t e r  a n a l y t i c a l  des ign  a c t i v i t i e s  
were supplemented by a  s tudy  program sponsored by t h e  NASA Lewis 
Research Center under Contract  NAs~-11528, p a r t i c u l a r l y  i n  t h e  a r e a  of 
some of t h e  d i g i t a l  computer s i m u l a t i o n s .  
The exper imenta l  t e s t  v e h i c l e  i n c o r p o r a t i n g  t h e  s ix-e lement  
c o l l e c t o r  was b u i l t  and t e s t e d .  A d i s c u s s i o n  and e v a l u a t i o n  of t h e  
t e s t  r e s u l t s  a r e  g iven i n  Sec t ion  3 of t h i s  r e p o r t .  
2.0  DESIGN OF THE EXPERIMENTAL AMPLIFIER 
The des ign  phase of t h i s  program was concerned w i t h  t h e  
following major a r e a s :  
S e l e c t  s u i t a b l e  forward wave delay l i n e  t h a t  would have high 
i n t e r a c t i o n  impedance, ].ow i n s e r t i o n  l o s s ,  and thermal 
p r o p e r t i e s  compatible wi th  a  space  environment waste  hea t  
d i s p o s a l  system. 
Design t h e  magnetron i n j e c t i o n  gun and ana lyze  t h e  r e s u l t i n g  
beam t r a j e c t o r i e s  and velocity d i s t r i b u t i o n s  w i t h i n  t h e  gun. 
S e l e c t  tube opera t ing  parameters and c a l c u l a t e  expected 
smal l  s i g n a l  performance, small  s i g n a l  g a i n ,  and d ioco t ron  
g a i n  l e v e l .  
Ca lcu la te  l a r g e  s i g n a l  response and e s t i m a t e  convers ion 
e f f i c i e n c i e s .  
Design s u i t a b l e  multi-element c o l l e c t o r  system f o r  
exper imental  f l e x i b i l i t y .  
A r r i v e  a t  a  mechanical  des ign which would a l low r e u s e  of 
t h e  t e s t  v e h i c l e .  
Before examining each of t h e s e  des ign a r e a s  i n  d e t a i l ,  a  
s h o r t  review of a x i a l  i n j e c t i o n  CFA concepts fol lows.  
2 . 1  Operating P r i n c i p l e s  of t h e  Axial: I n j e c t i o n  CFA 
Figure  1 shows a  schematic drawing of a n  a x i a l  i n j e c t i o n  
a m p l i f i e r  a s  o r i g i n a l l y  proposed f o r  t h i s  program. Beam t r a j e c t o r i e s  
shown a r e  those  ob ta ined  w i t h  a  low RF inpu t  s i g n a l .  The tube  is  
cons t ruc ted  i n  c i r c u l a r  format wi th  a  slow wave c i r c u i t  o r  delay l i n e  
forming most of t h e  circumference of t h e  anode. The delay l i n e  i s  a t  
ground p o t e n t i a l .  Located c o n c e n t r i c a l l y  w i t h i n  t h e  delay l i n e  i s  a  
non-emitt ing s o l e  element. The s o l e  i s  opera ted  a t  a  p o t e n t i a l  
n e g a t i v e  w i t h  r e s p e c t  t o  t h e  delay l i n e  so  t h a t  a  r a d i a l  dc e l e c t r i c  
f i e l d  e x i s t s  between t h e  s o l e  and t h e  de lay  l i n e .  I n  conjunct ion w i t h  
a n  a x i a l  magnetic f i e l d ,  t h i s  provides t h e  c r o s s e d - f i e l d  i n t e r a c t i o n  
c h a r a c t e r i s t i c s  o f  a  CFA. An e l e c t r o n  gun employing a  thermionic  
cathode i s  mounted c o n c e n t r i c  w i t h  t h e  i n t e r a c t i o n  space,  b u t  a x i a l l y  
i s  d i sp laced  t o  one end of i t .  A c o n c e n t r i c  m u l t i - s e c t i o n  c o l l e c t o r  
i s  l o c a t e d  a t  t h e  oppos i t e  end. 
F igure  2 shows a  c r o s s  s e c t i o n  through t h e  i n t e r a c t i o n  space 
a t  t h e  plane A-A of F igure  1. I n  t h i s  f i g u r e ,  t h e  i n t e r a c t i o n  space 
i s  shown a s  r e e n t r a n t ,  a l lowing e l e c t r o n s  t o  c i r c u l a t e  from t h e  output  
back t o  t h e  i n p u t .  Between t h e  output  and i n p u t  t h e r e  i s  a  d r i f t  
space whose purpose i s  t o  debunch t h e  e l e c t r o n  s t ream s o  t h a t  RF 
feedback from output  t o  i n p u t  i s  avoided.  This s t r u c t u r e  i s  i n  c o n t r a s t  
t o  t h e  emi t t ing  s o l e  c r o s s e d - f i e l d  a m p l i f i e r  where t h e  e l e c t r o n  stream 
i s  generated by emiss ion from t h e  s o l e  s u r f a c e .  I n  t h e  s t r u c t u r e  
sketched h e r e ,  t h e  s u r f a c e  i s  made non-emitt ing and i s  b iased  n e g a t i v e  
w i t h  r e s p e c t  t o  t h e  cathode e l e c t r o d e .  This prevents  e l e c t r o n s  from 
s t r i k i n g  t h e  s o l e  which i n s u r e s  t h a t  i t  w i l l  be n o n ~ e m i t t i n g .  Operat ion 
w i t h  a  b i a s e d f s o l e  means t h a t  t h e  beam i s  some d i s t a n c e  away from t h e  
s o l e  s u r f a c e .  S ince  t h e  s o l e  s u r f a c e  a c t s  a s  a  s h o r t i n g  plane f o r  t h e  
RF f i e l d s  emanating from t h e  delay l i n e ,  a  h igher  i n t e r a c t i o n  impedance 
a t  t h e  beam p o s i t i o n  i s  achieved.  
As i d s e a t e d  i n  F igure  1, e l e c t r o n s  from t h e  gun a r e  i n j e c t e d  
i n t o  t h e  i n t e r a c t i o n  space by a  component of v e l o c i t y ,  p a r a l l e l  t o  t h e  
t u b e  a x i s ,  which i s  imparted t o  i t  by t h e  e l e c t r i c  f i e l d s  of t h e  
magnetron i n j e c t i o n  gun. At t h e  end of t h e  i n t e r a c t i o n  space o p p o s i t e  
t o  t h e  gun, t h e r e  i s  i n d i c a t e d  a  c o l l e c t o r  assembly c o n s i s t i n g  of a  
number of r i n g s .  This  i s  a  multi-element c o l l e c t o r  i n  which t h e  r i n g s  
a r e  meant t o  be opera ted  a t  success ive ly  h igher  p o t e n t i a l s  ranging 
from cathode p o t e n t i a l  t o  anode p o t e n t i a l .  E lec t rons  l eav ing  t h e  
i n t e r a c t i o n  space a r e  c o l l e c t e d  on a  r i n g  a t  a  p o t e n t i a l  c l o s e  t o  t h a t  
a t  which they l eave  t h e  i n t e r a c t i o n  space.  I n  t h i s  manner, t h e  energy 
d i s s i p a t e d  on t h e  c o l l e c t o r  segment i s  minimized. The dc power i n p u t  
f o r  t h e  va r ious  c u r r e n t  elements i s  t h e  ampl i tude of t h e  c u r r e n t  
anode 
beam 
Direct ion of L ~ i r e c t i o n s  of r a d i a l  e l ec t ron  
e l ec t ron  d r i f t  d r i f t  (oppos i te  fo r  favorably 
and unfamsably phased e l e c t r o n s )  
FIGURE 1 SKETCH OF AN AXIAL I N J E C T I O N  CFA 
Elec,tron beam i n  in t e rac t ion  space c i r c u l a t e s  i n  the c i rcumferent ia l  
d i r e c t i o n  ( perpendicular t o  paper ) with a ve loc i ty  g rea t e r  than the 
a x i a l  ( z  d i r ec t ion )  d r i f t  ve loc i ty .  T ra j ec to r i e s  a r e  shown fo r  a 








































































































































































































































































































































































m u l t i p l i e d  by t h e  v o l t a g e  of t h e  c o l l e c t i n g  element w i t h  r e s p e c t  t o  
cathode p o t e n t i a l .  S i n c e  t h e  r a d i a l  p o s i t i o n  of t h e  e l e c t r o n  s t ream 
i s  a  f u n c t i o n  of  t h e  RF d r i v e  l e v e l ,  i t  i s  thus  seen  t h a t  a  mechanism 
f o r  c o n t r o l l i n g  t h e  dc power i n p u t  a s  a  func t ion  of d r i v e  l e v e l  i s  
ach ieved .  This  makes p o s s i b l e  a  h igh  l e v e l  of convers ion e f f i c i e n c y  
over a  wide dynamic range and not  merely a t  t h e  s a t u r a t i o n  va lue  o f  
d r i v e  power. RF modulation of t h e  e l e c t r o n  stream i n  a c r o s s e d - f i e l d  
dev ice  r e s u l t s  p r i m a r i l y  i n  p o s i t i o n  modula t iop r a t h e r  than  v e l o c i t y  
modulation of  t h e  s t ream,  which r e s u l t s  i n  t h e  spen t  beam being r e a d i l y  
amenable t o  mul t i -e lement  c o l l e c t i o n  schemes. 
E l e c t r o n s  o r i g i n a t i n g  i n  t h e  gun fol low t r a j e c t o r i e s  of t h e  
s o r t  shown i n  t h e  developed view, F i g u r e  3. This s k e t c h  shows a n  
interaction space  which has been unwrapped and i n  which t h e  viewer 
looks down upon t h e  beam from t h e  de lay  l i n e  t o  t h e  s o l e .  An e l e c t r o n  
a c q u i r e s  a  c i r c u m f e r e n t i a l  d r f i t  v e l o c i t y  equa l  t o  t h e  r a t i o  of 
e l e c t r i c  t o  magnetic f i e l d s  i n  t h e  i n t e r a c t i o n  space .  The v o l t a g e  and 
magnet ic  f i e l d s  a r e  a d j u s t e d  s o  t h a t  t h i s  c i r c u m f e r e h t i a l  d r i f t  v e l o c i t y  
i s  i n  synchronism w i t h  t h e  v e l o c i t y  of t h e  c i r c u i t  wave, thus  p rov id ing  
f o r  t h e  implementation of t h e  u s u a l  c r o s s e d - f i e l d  g a i n  mechanism. The 
e l e c t r o n  a l s o  has  a n  a x i a l  d r i f t  v e l o c i t y  a s  a  r e s u l t  of t h e  e l e c t r i c  
f i e l d s  i n  t h e  gun and t h e  f i e l d s  which e x i s t  i n  (he t r a n s i t i o n  r e g i o n  
between t h e  gun and t h e  i n t e r a c t i o n  space .  The o p e r a t i n g  parameters 
of t h e  gun have Bn e f f e c t  bo th  on t h e  amount of c u r r e n t  i n j e c t e d  and 
t h e  a x i a l  d r i f t  v e l o c i t y  which i s  i n j e c t e d .  The s k e t c h  of F igure  3 
i n d i c a t e s  t h a t  t h e  c i r c u m f e r e n t i a l  d r i f t  v e l o c i t y  i s  s e v e r a l  t imes 
g r e a t e r  t h a n  t h e  a x i a l  d r i f t  v e l o c i t y  s o  t h a t  t h e  e l e c t r o n  t r a v e l s  
through a  s i g n i f i c a n t  f r a c t i o n  of t h e  c i rcumference of t h e  tube b e f o r e  
i t  i s  removed from t h e  i n t e r a c t i o n  space .  I f  t h i s  r a t i o  of  
c i r c u m f e r e n t i a l  t o  a x i a l  d r i f t  v e l o c i t y  i s  ach ievab le ,  then a n  
adequa te  component of c i r c u m f e r e n t i a l  c i r c u l a t i n g  c u r r e n t  can be  
e s t a b l i s h e d  by one a x i a l  t r a n s i t  of t h e  beam through t h e  tube .  I f  
\ 1Q Interaction space Typical trajectories 7 E (axial) 
Drift space 
Interaction space 
Input plane Output plane 
FIGURE: 3 SJCETCH OF THE INTERACTION SPACE WHICH HAS BEEN 
DEVELOPED (UNWRAPPED) IN  THE #-z PLANE. 
We are looking from the delay line toward the sole. 
t h i s  r a t i o  of v e l o c i t i e s  i s  n o t  p o s s i b l e ,  then <he concept should  be  
modif ied  a s  d i scussed  l a t e r  i n  t h i s  r e p o r t .  
The a x i a l  d r i f t  v e l o c i t y  s e r v e s  t h e  purpose of  t r a n s p o r t i n g  
t h e  e l e c t r o n s  a c r o s s  t h e  i n t e r a c t i o n  space ,  from gun t o  c o l l e c t o r  
r e g i o n .  This a x i a l  t r a n s p o r t  of e l e c t r o n s  provides  a  means f o r  
ach iev ing  a  c o n t r o l l e d  d ra inage  of  t h e  e l e c t r o n s  from t h e  i n t e r a c t i o n  
space .  This provides  t h e  means f o r  ach iev ing  t h e  necessa ry  o p e r a t i n g  
power l e v e l  wi thout  a l lowing  t h e  space  charge  d e n s i t y  i n  t h e  i n t e r a c t i o n  
r e g i o n  t o  b u i l d  up t o  t h e  p o i n t  where excess ive  n o i s e  l e v e l s  can occur .  
This i s  t h e  b a s i c  p r i n c i p l e  which w i l l  a l low a  l a r g e  dynamic range ,  
low n o i s e  l e v e l ,  and z e r o  s i g n a l  s t a b i l i t y  t o  be achieved.  
The convers ion of dc energy t o  RF energy occurs  when t h e r e  
i s  a  r a d i a l  excurs ion  of  t h e  e l e c t r o n  s t ream from t h e  s o l e  toward t h e  
anode,  thus  g iv ing  up dc p o t e n t i a l  energy.  This motion occurs  under 
t h e  i n f l u e n c e  of t h e  RF f i e l d s .  A t  low RE d r i v e  l e v e l s ,  t h i s  r a d i a l  
excurs ion  i s  modest a s  i n d i c a t e d  i n  Figures  1 and 2. The e l e c t r o n  
s t ream i s  c o l l e c t e d  by low p o t e n t i a l  c o l l e c t o r  e lements ,  l i m i t i n g  t h e  
dc i n p u t  under cond i t ions  of  low RF d r i v e .  
The dynamics of f h e  i n t e r a c t i o n  process  between t h e  RF f i e l d s  
and t h e  e l e c t r o n  s t ream under c o n d i t i o n s  of l a r g e  RF d r i v e  a r e  a s  
ske tched  i n  Figures  4 and 5 .  Those e l e c t r o n s  which a r e  t r a v e l i n g  i n  
t h e  proper  RF phase w i t h  t h e  c i r c u i t  wave move toward t h e  de lay  l i n e  
and a r e  c o l l e c t e d  e i t h e r  upon t h e  de lay  l i n e  o r  a  h igh  p o t e n t i a l  
c o l l e c t o r  element.  The unfavorably  phased e l e c t r o n s  a c q u i r e  energy 
from t h e  RF f i e l d ,  s t a y  c l o s e  t o  t h e  s o l e  and a r e ,  i n  t u r n ,  c o l l e c t e d  
on a  low p o t e n t i a l  c o l l e c t o r  element.  Thus, only  t h e  e l e c t r o n s  t h a t  
a r e  i n s t r u m e n t a l  i n  g e n e r a t i n g  l a r g e  amounts of RF power draw t h e  
maximum amount of dc power from t h e  power supply.  An a p p r o p r i a t e  
m u l t i - t a p  power supply  i s  used t o  supply  t h e  p o t e n t i a l s  t o  t h e  
c o l l e c t o r  elements.  
These k!ey elements of t h e  a x i a l  i n j e c t i o n  crossed-£ i e l d  
a m p l i f i e r  r e s u l t  i n  o p e r a t i n g  c h a r a c t e r i s t i c s  which a r e  p a r t i c u l a r l y  
Unfavorably 
phased e l ec t ron  
t r a j e c t o r y  Favorably phased e l ec t ron  t r a j e c t o r y  r 
Accelerator 
Collector anode 
r ( r a d i a l  d i r e c t i o n )  
Porwar d fo cu s  Collector r i n g s  
e lec t rode  
Rear focus 
e lec t rode  
Electron beam 
\-- Direct ion of r a d i a l  e l ec t ron  
d r i f t  (opposi te  for  favorably 
Direct ion of a x i a l  and tnfavarably phase e l e c t r o n s )  
e l ec t ron  d r i f t  
FIGURE 4 ELECTRON TRAJECTORIES WHEN THE TUBE I S  DRIVEN TO SATURATION 
The favorably phased e lec t rons  a r e  co l lec ted  on the  delay l i n e  while the  
unfavorably phased e lec t rons  a r e  co l lec ted  on the f i r  s t  co l l ec to r  r i ng  
a t  cathode p o t e n t i a l  

S=FeD laboratories, inc. 
s u i t a b l e  f o r  meeting t h e . o b j e c t i v e s  of  t h i s  program. The u s e  of  a n  
e l e c t r o n  beam i n j e c t i o n  scheme, coupled w i t h  c o n t r o l l e d  c o l l e c t i o n  by 
a  mul t i -e lement  c o l l e c t i n g  sys tem,  can r e s u l t  i n  t h e  c o n t r o l  of 
background n o i s e  and t h e  a t t a inment  of ze ro  s i g n a l  s t a b i l i t y .  The 
i n j e c t e d  beam approach a l lows  t h e  v o l t a g e  and c u r r e n t  l e v e l s  t o  be  
chosen independent ly .  This i s  no t  always p o s s i b l e  w i t h  t h e  e m i t t i n g  
s o l e  type  of a m p l i f i e r .  
I n c o r p o r a t i o n  of a  m u l t i p l e  e l e c t r o d e  c o l l e c t o r  r e s u l t s  i n  t h e  
maximizing of  e f f i c i e n c y  a t  every  output  power l e v e l  r a t h e r  than  a t  
j u s t  t h e  s a t u r a t i o n  ou tpu t  l e v e l .  
A h i g h  average power c a p a b i l i t y  and long l i f e  a s surance  a r e  
r e a l i z e d  through t h e  minimizing of cathode c u r r e n t  d e n s i t y  and c i r c u i t  
d i s s i p a t i o n  because of t h e  d i s t r i b u t e d  emission i n j e c t i o n  scheme. 
The removal of  t h e  e l e c t r o n  source  from t h e  RF i n t e r a c t i o n  
space  g r e a t l y  enhances t h e  a s s u r a n c e  of  long l i f e  o p e r a t i o n .  It i s  
expected t h a t  a n  opera t ing  l i f e  comparable t o  t h a t  achieved by cathodes 
i n  O-type microwave tubes  w i l l  be  achieved.  
During t h e  course  of  t h i s  development, i t  became apparen t  
t h a t  t h e  concept of  a l lowing  t h e  beam t o  undergo only  one a x i a l  
t r a n s i t  through t h e  tube  had b e s t  be  modif ied  i n  o rde r  t o  ach ieve  
optimum o p e r a t i o n .  This r e s u l t s  from t h e  f a c t  t h a t  c e r t a i n  fundamental 
c o n s i d e r a t i o n s  p l a c e  a  lower l i m i t  on t h e  average  a x i a l  v e l o c i t y  of  
t h e  e l e c t r o n  beam and thus  t h e  average e l e c t r o n  t r a v e r s e s  only  a  
f r a c t i o n  of  t h e  delay l i n e  l e n g t h  b e f o r e  emerging from t h e  i n t e r a c t i o n  
space .  The reasons  f o r  t h i s  l i m i t a t i o n  a r e  d i scussed  i n  S e c t i o n  2.4.  
The e f f e c t  of  t h i s  l i m i t e d  c i r o u l a t i o n  b e f o r e  e x i t i n g  i s  i n d i c a t e d  by 
some of  t h e  l a r g e  s i g n a l  c a l c u l a t i o n s .  A system which u s e s  s e v e r a l  
a x i a l  r e f l e c t i o n s  of t h e  e l e c t r o n  beam b e f o r e  c o l l e c t i o n  w i l l  t h e r e f o r e  
b e  proposed a s  a  des ign m o d i f i c a t i o n .  This too i s  d i scussed  i n  f u r t h e r  
d e t a i l  i n  S e c t i o n  3.0. 
laboratories, inc. 
2.2  S e l e c t i o n  of t h e  Slow Wave C i r c u i t  
I n  o rde r  t o  a c h i e v e  t h e  o b j e c t i v e s  of t h i s  program a t  a  
minimum c o s t  i n  c i r c u i t  development and t o  make u s e  of a v a i l a b l e  t e s t  
equipment, i t  was agreed t o  d i r e c t l y  use  one of t h e  slow wave c i r c u i t s  
t h a t  had been developed a t  S-F-D l a b o r a t o r i e s  f o r  o p e r a t i o n  i n  t h e  UHF 
frequency r e g i o n .  This brought under c o n s i d e r a t i o n  two p o s s i b l e  de lay  
l i n e s ,  a  h e l i x  of r e c t a n g u l a r  c r o s s  s e c t i o n  and t h e  h e l i x  loaded b a r  
c i r c u i t .  The h e l i x  loaded b a r  c i r c u i t  was chosen a s  be ing  b e s t  s u i t e d  
f o r  t h i s  a p p l i c a t i o n .  This  c i r c u i t  had maximum i n t e r a c t i o n  impedance, 
minimum i n s e r t i o n  l o s s  necessa ry  f o r  high e f f i c i e n c y  o p e r a t i o n ,  and 
a  thermal c a p a b i l i t y  compat ib le  w i t h  a  space  environment hea t  d i s p o s a l  
system. Such a h e a t  d i s p o s a l  system might c o n s i s t  of a n  a r r a y  of hea t  
p ipes  connected t o  t h e  tube s t r u c t u r e  which l ead  t h e  h e a t  t o  an  e x t e r n a l  
r a d i a t i n g  s u r f a c e .  
The s u p e r i o r  thermal c a p a b i l i t y  of t h e  h e l i x  loaded b a r  
c i r c u i t  made i t  a  des ign  cho ice  over t h e  h e l i x  a l though  the  i n t e r a c t i o n  
impedance and i n s e r t i o n  l o s s  c a p a b i l i t i e s  tu rned  out  t o  be  s i m i l a r .  
This choice  i s  a l s o  c o n s i s t e n t  w i t h  the  des ign  conc lus ions  a r r i v e d  a t  
on a n  e a r l i e r  s tudy  program c a r r i e d  ou t  f o r  t h e  NASA Lewis Research 
Center under Contract  NAS3- 11516. 
The geometry of t h e  h e l i x  coupled b a r  c i r c u i t  i s  shown i n  
F igure  6.  The c i r c u i t  c o n s i s t s  of a  s e r i e s  of t h i n  c a p a c i t i v e  meta l  
b a r s  mounted above a  ground plane  on s l a b s  of ceramic.  The ceramic 
used i s  be ry l l ium oxide  and provides  a  d i r e c t  h e a t  flow p a t h  t o  t h e  
m e t a l l i c  p l a t e  which a c t s  bo th  a s  a  hea t  s i n k  and t h e  ground element 
i n  t h e  a r t i f i c i a l  t r ansmiss ion  l i n e .  The b a r s  a r e  connected t o  a n  
i n d u c t i v e  load ing  c o i l ;  thus t h e  c i r c u i t  i s  a  quasi-lumped element 
t r ansmiss ion  l i n e .  The equ iva len t  c i r c u i t  of t h i s  s t r u c t u r e  i s  shown 
a t  t h e  top of F i g u r e  6 .  As i s  i n d i c a t e d ,  t h e  beam flows between t h e  
s o l e  element of t h e  c r o s s e d - f i e l d  a m p l i f i e r  and t h e  c a p a c i t i v e  b a r s .  
The e l e c t r o n  s t ream i n t e r a c t s  w i t h  t h e  RF f i e l d  which f r i n g e s  between 
-----  
Electron bea 
Direct ion of beam f low 
Ground plan TBars e r y l l i a  insu la tors  
FIGURF: 6 THE HELIX COUPLED BAR CIRCUIT 
Sketch a t  the  top shows the low frequency equivalent  
s i r c u i t  o f  t h i s  l i n e  
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t h e  b a r  e lements .  These f i e l d s  r e s u l t  from t h e  v o l t a g e  t h a t  e x i s t s  
a c r o s s  t h e  s e r i e s  capac i t ance  which i s  shown i n  t h e  equ iva len t  c i r c u i t .  
By a n  a p p r o p r i a t e  cho ice  of c a p a c i t a n c e ,  induc tance  per  s e c t i o n  of 
c i r c u i t ,  and mutual  inductance  between s e c t i o n s  of  c i r c u i t ,  t h e  
impedance c h a r a c t e r i s t i c s  and i n s e r t i o n  l o s s  of  t h e  b a r  c i r c u i t  may be  
made h i g h l y  s i m i l a r  t o  t h a t  of t h e  h e l i x .  An a d d i t i o n a l  f a c t o r  which 
favored t h e  use  of  t h e  loaded b a r  c i r c u i t  i n  t h i s  program was t h a t  t h e  
impedance t r ans fo rmers  between t h e  h igh  su rge  impedance of t h e  delay 
l i n e  and t h e  50 ohm e x t e r n a l  system were mounted o u t s i d e  t h e  vacuum 
envelope of t h e  tube .  This meant t h a t  exper imenta l  f l e x i b i l i t y  was 
a v a i l a b l e  s o  t h a t  e x t e r n a l  adjus tments  of  t h e  match could be  achieved 
a f t e r  t h e  tube had been processed.  
Thus, t h e  des ign was fixGd f o r  a n  o p e r a t i n g  frequency of 
300 MHz w i t h  t h e  b a r  c i r c u i t  having t h e  fo l lowing o p e r a t i n g  parameters .  
I n t e r a c t i o n  impedance a t  300 MHz 
Synchronous v o l t a g e  of de lay  l i n e  
Approximate i n s e r t i o n  l o s s  of 
de lay  l i n e  
C i r c u i t  p i t c h  
C i r c u i t  h e i g h t  
Number of a c t i v e  s e c t i o n s  
Ac t ive  c i r c u i t  l eng th  
Loading c o i l  
130 ohms 
290 v  





Two t u r n s  'per  s e c t  i o n  
S ince  t h e  delay l i n e  chosen f o r  t h e  exper imenta l  demonstra t ion 
was s e l e c t e d  from a v a i l a b l e  s t r u c t u r e s  a t  S-F-D laborator t ies  , t h e  
synchronous v o l t a g e  of t h e  a v a i l a b l e  - c i r c u i t  was somewhat lower than  
t h e  des ign  v a l u e  t h a t  might normally have been chosen f o r  t h e  5 kw of 
peak power o u t p u t .  That i s ,  t h e  c u r r e n t  t h a t  would be necessary  t o  
g e n e r a t e  5 kw of p ~ a k  power output  w i t h  t h e  290 v  c i r c u i t  was s u f f i c i e n t l y  
h igh  t h a t  t h e  p o s s i b i l i t y  of developing some background n o i s e  a r o s e .  
There fo re ,  i t  was agreed t o  proceed w i t h  t h e  demonstrat ion a m p l i f i e r  
labomto&s, inc. 
l i m i t i n g  t h e  experimental  e v a l u a t i o n  of t h e  device  t o  an  opera t ing  
l e v e l  of 2  kw of peak power. The design of t h e  e l e c t r o n  gun and o ther  
elements of t h e  a m p l i f i e r  was made c o n s i s t e n t  w i t h  t h e  2 kw-power l e v e l  
For t h e  5 kw power l e v e l ,  t h e  optimum design would be s c a l e d  t o  a  
somewhat h igher  v o l t a g e ,  thus  reducing t h e  r e q u i r e d  c u r r e n t  and 
providing a  lower d ioco t ron  g&in l e v e l .  The d ioco t ron  g a i n  i n  t h e  
e l e c t r o n  stream i s  t h e  mechanism by which thermal n o i s e  i s  ampl i f ied  . in  
t h e  e l e c t r o n  stream of a  c r o s s e d - f i e l d  device .  
2 . 3  Calcu la t ion  of Operating Parameters and Tube Performance 
A des ign o b j e c t i v e  of 20 db of g a i n  f o r  t h e  a m p l i f i e r  was 
chosen. One reason f o r  choosing t h i s  ga in  l e v e l  a s  a n  opera t ing  
parameter was t h a t  w i t h  t h e  achievement of h igh convers ion e f f i c i e n c y  
f o r  t h e  a m p l i f i e r  being developed, a  h igh l e v e l  of g a i n  would make t h e  
system e f f i c i e n c y  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  e f f i c i e n c y  of t h e  
device  d r i v i n g  t h e  a m p l i f i e r .  For example, i f  f o r  a  g iven opera t ing  
power l e v e l ,  t h e  e f f i c i e n c y  of t h e  a m p l i f i e r  i s  75% and t h e  e f f i c i e n c y  
of t h e  d r i v e r  tube  i s  25% a t  a n  output  a m p l i f i e r  g a i n  l e v e l  of 20 db, 
then t h e  n e t  e f f i c i e n c y  f o r  t h e  two-amplifier  cha in  would be  7 2 . w .  
Another p r a c t i c a l  r eason  f o r  choosing t h e  20 db o f  g a i n  a s  a  design 
o b j e c t i v e  was t h e  e x i s t e n c e  of a p p r o p r i a t e  d r i v e r  and t e s t  equipment 
a t  S-F-D l a b o r a t o r i e s  corresponding t o  t h i s  l e v e l  of g a i n .  That t h i s  
was a  reasonable  des ign  o b j e c t i v e  w i l l  be seen from t h e  d i s c u s s i o n  of 
t h e  performance c a l c u l a t i o n s  t h a t  fo l low.  
2 . 3 . 1  Sma.11 S i g n a l  Design Parameters 
The approach used t o  c a l c u l a t e  those  a s p e c t s  of t h e  design 
which can be de r ived  from small  s i g n a l  a m p l i f i e r  theory fol lows.  
I n  t h e  r e e n t r a n t  s t r u c t u r e  which a l lows t h e  beam t o  e x i t  from 
t h e  i n t e r a c t i o n  space a f t e r  one a x i a l  t r a n s i t ,  t h e  r a t i o  of e f f e c t i v e  
c i r c u l a t i n g  c u r r e n t  i n  t h e  i n t e r a c t i o n  space t o  cathode c u r r e n t  i s  
given by t h e  number of revo lu t ions  which t h e  e l e c t r o n  makes a long t h e  
c i r c u i t  dur ing t h e  t ime f o r  one a x i a l  t r a n s i t .  This r e l a t i o n s h i p  i s  
i l l u s t r a t e d  more f u l l y  i n  S e c t i o n  2 . 4 .  This r a t i o  i s  used t o  e s t i m a t e  
t h e  e f f e c t  of c i r c u l a t i n g  c u r r e n t  f o r  a  g iven  va lue  of cathode c u r r e n t  
i n  t h e  smal l  s i g n a l  g a i n  o a l c u l a t i o n s  . 
Rela t ionsh ips  used f o r  c a l c u l a t i n g  t h e  smal l  s i g n a l  g a i n  
c h a r a c t e r i s t i c s  of t h e  tube a r e  summarized a s  fol lows.  
where u, = cyc lo t ron  r a d i a n  frequency = ( e / m ) ~  
C 
B = opera t ing  magnetic f i e l d  
e/m = charge-to-mass r a t i o  f o r  e l e c t r o n  
V = cathode-anode v o l t a g e  
a  
V = synchronous v o l t a g e  
0 
(3 = u/vp = propagat ion cons tan t  of delay l i n e  
y_ = d i s t a n c e  from top  s u r f a c e  of beam t o  anode 
where D = g a i n  parameter 
I = c i r c u l a t i n g  beam c u r r e n t  
C 2 2 K = i n t e r a c t i o n  $mpedance of c i r c u i t  = E /2(3 P 
CLN G = -6 - - + 5 5 D N  (db)  2 
where G = smal l  s i g n a l  g a i n  i n  db 
= i n s e r t i o n  l o s s  i n  db per c i r c u i t  wavelength 
N = number of wavelengths on c i r c u i t  
where h  = a x i a l  he igh t  of c i r c u i t  
B = a x i a l  magnetic f i e l d  
k = AV/V = 1 - Jm 
v  = c i r c u m f e r e n t i a l  v e l o c i t y  of o u t e r  s u r f a c e  of beam 
Av = d i f f e r e n c e  i n  c i r c u m f e r e n t i a l  v e l o c i t y  between 
o u t e r  and inner  s u r f a c e  of t h e  beam 
where S = dioco t ron  ga in  parameter 
These r e l a t i o n s h i p s  have been summarized i n  a  time s h a r e  
computer program. I n  o rder  t o  ach ieve  a  h igh  l e v e l  of conversion 
e f f i c i e n c y ,  a l a r g e  r a t i o  of opera t ing  cathode-anode v o l t a g e  t o  
synchronous v o l t a g e  was chosen; i . e . ,  20 t o  1. I n  t h e  i n i t i a l  des ign  
c o n s i d e r a t i o n s ,  t h e  f i r s t  round of c a l c u l a t i o n s  were c a r r i e d  out  
presuming t h a t  t h e  e l e c t r o n  stream would move 70% of t h e  way around 
t h e  circumference of t h e  anode b e f o r e  e x i t i n g  a x i a l l y  from t h e  tube.  
When a  more d e t a i l e d  a n a l y s i s  of t h e  v e l o c i t y  d i s t r i b u t i o n  ach ievab le  
i n  t h e  beam was made, i t  appeared t h a t  on t h e  average only  about 8" 
of c i r c u i t  l e n g t h  would be covered by a  t y p i c a l  e l e c t r o n  b e f o r e  e x i t i n g  
from t h e  i n t e r a c t i o n  space.  This i s  an  average v a l u e  wi th  some 
e l e c t r o n s  cover ing more c i r c u i t  l eng th  and some covering l e s s .  Thus, 
a l though t h e  beginning design p o s t u l a t e d  a  cathode c u r r e n t  of about 
1 ampere, t h i s  v a l u e  was changed t o  a  cathode c u r r e n t  of 1.8 amperes 
i n  order  t o  m a i n t a i n  a reasonable  v a l u e  of t h e  c i r c u l a t i n g  c u r r e n t ,  I . 
C 
A summary of t h e  l i s t i n g  of output  va lues  from t h e  smal l  s i g n a l  program 
i s  given i n  Table I. Table I1 summarizes t h e  smal l  s i g n a l  opera t ing  
parameters us ing  t h e  r e s u l t s  of t h e  c a l c u l a t i o n .  
TABLE I 
PRELIMINARY DESIGN PROGRAM FOR INJECTED BEAM CFA 
Delay l i n e  p i t c h  = 0.324 i n  Delay l i n e  width = 2.100 i n  
Delay Line Cha rac t e r i s t i c s  a s  a  Function of Frequency 
Theta Theta 
-- - K ~ t . t / i n  Sync Velocity G/c & Sync Voltage 
GHz deg rad ohms db/in m / s  ec v o l t s  
FRACLN = 8 i n  1~11, = 0.32 I, = 0.575 amp 
Sole  t o  anode spacing = 0.400 i n  
Line length = 22.40 i n  
Distance from l i n e  t o  top of beam = 0.240 i n  
Beam cur ren t '  = 0.575 amp 
Current bu i ld  up d is tance  = 0.0 i n  
Total  ex t ra  a t t enua t ion  added t o  l i n e  = 0 . 0  db 
Synchronous cathode vol tage  = 5.8 kv 
Frequency 0.30 GHz chosen for  synchronism 
Magnetic f i e l d  = 895 gauss 
Cyclotron frequency = 2.51  GHz 
Maximum permissible  current  = 2.156 amps 
Rat io  of cur ren t  t o  max current  = 0.27 
Beam thickness  = 0.0036 i n  
Sole  vo l tage  = 8662 v 
Output Power a t  Various E f f i c i enc i e s  a t  Sa tura t ion  
Eff ic iency - $ 25 3 3 40 50 
Power - w 834 110 1 1334 1667 
Charac t e r i s t i c s  a s  a  Function of Frequency 
Freq FNom - D - S - N Sinh Fctn Gain DLBA 
GHz db 
TABLE I1 
SMALL SIGNAL OPERATING PARAMETERS 
C i r c u i t  p i t c h  
C i r c u i t  a x i a l  he igh t  
Phase s h i f t  p e r  s e c t i o n  a t  
300 MHz 
C i r c u i t  synchronous v o l t a g e  
a t  300 MHz 
S o l e  t o  anode spacing 
Ac t ive  l i n e  l e n g t h  
Dis tance  from l i n e  t o  t o p  of beam 
Ci rcumferen t i a l  t r a v e l  dur ing  
one a x i a  1 t r a n s  i t  
Cathode c u r r e n t  
C i r c u l a t i n g  c u r r e n t  
Cathode-anode v o l t a g e  
Magnetic f i e l d  
Percentage s l i p  . i n  c i r c u m f e r e n t i a l  
v e l o c i t y  between t h e  o u t e r  
edge and i n n e r  edge of beam 
Radia l  beam th ickness  
S o l e  anode v o l t a g e  
Small  s i g n a l  g a i n  parameter ,  
D a t  300 MHz 
Number of  RF wavelengths a t  
300 MHz 
S  f a c t o r  a t  300 MHz 
Gain a t  300 MHz 
0.324 i n  




5.8 kv I 
895 gauss 
0.14 
Thus i t  i s  seen  t h a t  t h i s  choice  of parameters l eads  t o  a  
more-than-adequate i n i t i a l  p r e d i c t i o n  of smal l  s i g n a l  g a i n ,  a  reasonable  
va lue  of magnet ic  f i e l d  w i t h  t h e  e l e c t r o n  beam placed a  l i t t l e  more 
than h a l f  t h e  d i s t a n c e  from t h e  s o l e  t o  t h e  anode,  and a  b i a s  v o l t a g e  
of 2.8 kv between s o l e  and cathode t o  a s s u r e  t h a t  no back bombardment 
of t h e  s o l e  w i l l  occur from t h e  e l e c t r o n  s t ream.  
The S  parameter l i s t e d  i n  t h e  above t a b u l a t i o n  i s  u s e f u l  i n  
p r e d i c t i n g  t h e  n o i s e - f r e e  q u a l i t i e s  of t h e  a m p l i f i e r .  Background 
n o i s e  i n  a  c r o s s e d - f i e l d  a m p l i f i e r  u s u a l l y  a r i s e s  from t h e  d ioco t ron  
o r  s l i p p i n g  s t ream g a i n  mechanism w i t h i n  t h e  e l e c t r o n  beam. It i s  
t h i s  mechanism t h a t  may, under c e r t a i n  g iven c o n d i t i o n s ,  amplify t h e  
background thermal n o i s e  t o  l e v e l s  comparable t o  t h e  RF s i g n a l  being 
handled by t h e  a m p l i f i e r .  An approximate model of t h e  d ioco t ron  g a i n  
mechanism i n  a c r o s s e d - f i e l d  a m p l i f i e r  i s  provided by Gould's  a n a l y s i s  
( ~ e f ,  1).  From t h i s  model, it may be  deduced t h a t  t h e  d ioco t ron  g a i n  
t o  be  expected i n  a  g iven beam and c i r c u i t  c o n f i g u r a t i o n  i s  g iven 
approximate ly  by t h e  S  parameter m u l t i p l i e d  by t h e  expected a m p l i f i e r  
g a i n  o f  t h e  dev ice .  The S  parameter has a l r e a d y  been de f ined  a s  be ing  
equal  t o  one h a l f  t h e  r e l a t i v e  v e l o c i t y  s l i p  i n  t h e  beam d iv ided  by 
t h e  smal l  s i g n a l  g a i n  parameter .  Thus, w i t h  a n  S  parameter of about 2 
and a  c a l c u l a t e d  smal l  s i g n a l  g a i n  approaching 30 db ,  t h e  es t ima ted  
d ioco t ron  g a i n  l e v e l  would be  on the  o r d e r  of 60 db. Thermal n o i s e  
energy i n  a  6 MHz o r  even 40 MHz band a m p l i f i e d  up by 60 db i s  s t i l l  
w e l l  below t h e  s p e c i f i c a t i o n  s e t  f o r t h  f o r  t h e  a m p l i f i e r  t o  be  
developed on t h i s  program. 
A c a l c u l a t i o n  of e f f i c i e n c y  and g a i n  us ing  a  l a r g e  s i g n a l  
computer program was then undertaken.  
2.3.2 Large S i g n a l  Ca lcu la t ions  
The l a r g e  s i g n a l  computer program used a t  S-F-D l a b o r a t o r i e s  
t o  c a l c u l a t e  t h e  performance of a  g iven a x i a l  i n j e c t i o n  system uses  a  
Lagrangian approach.  That i s ,  t h e  c u r r e n t  i s  s imulated by a n  a r r a y  of 
charge  rods  t h a t  e n t e r  t h e  i n t e r a c t i o n  space  ko s i m u l a t e  t h e  e l e c t r o n  
beam. The program permits  t h e  rods  t o  be  ar ranged e i t h e r  i n  a  s i n g l e  
l a y e r  o r  i n  m u l t i p l e  l a y e r s  and t o  s imula te  f i n i t e  beam th ickness  and 
c i r c u m f e r e n t i a l  v e l o c i t y  s l i p  w i t h i n  t h e  beam. The r a d i a l  p o s i t i o n  of 
t h i s  m u l t i - l a y e r  beam i s  one o f  t h e  inpu t  s p e c i f i c a t i o n s .  A t  t h e  p o i n t  
a long t h e  c i r c u i t  where c u r r e n t  i s  t o  be  i n j e c t e d ,  rods  a r e  in t roduced  
over  2fi r a d i a n s  of phase a n g l e  corresponding t o  a  s i n g l e  RF wavelength.  
Th i s  s i m u l a t e s  en t rance  of t h e  beam a t  a l l  va lues  of RF phase .  Other 
inpu t  parameters t o  t h e  program a r e  t h e  sole-anode and cathode-anode 
v o l t a g e s  and t h e  magnetic f i e l d .  The va lues  of c i r c u i t  i n t e r a c t i o n  
impedance and RF d r i v e  l e v e l  a r e  s p e c i f i e d  along w i t h  t h e  p i t c h  and 
phase  s h i f t  p e r  s e c t i o n  of t h e  c i r c u i t .  
An i t e r a t i v e  s e r i e s  of c a l c u l a t i o n s  then t r a c e s  t h e  c l u s t e r  
of e l e c t r o n s ,  w i t h i n  t h e  frame of a  s i n g l e  RF wavelength,  down t h e  
de lay  l i n e  over  t h e  sp,ecif ied l e n g t h  of c i r c u i t .  The c i r c u i t  i n s e r t i o l  
l o s s  i s  s p e c i f i e d  and t aken  i n t o  account and even c i r c u i t  s e v e r s  may 
b e  s p e c i f i e d .  The t ime s t e p  over which t h i s  c a l c u l a t i o n  i s  i t e r a t e d  
i s  a l s o  a n  inpu t  s p e c i f i c a t i o n .  The c a l c u l a t i o n  may b e  c a r r i e d  o u t  
e i t h e r  w i t h  space  charge f o r c e s  ignored o r  taken i n t o  accoun t .  
The program s i m u l a t e s  t h e  v e l o c i t y  i n  t h e  t h i r d  o r  a x i a l  
dimension and t h e  p rocess  of d i s t r i b u t e d  i n j e c t i o n  a s  f o l l o w s .  The 
rods  a r e  in t roduced i n  p a i r s  a t  r e g u l a r  i n t e r v a l s  a long t h e  c i r c u i t .  
TWO r o d s  which a r e  i n j e c t e d  a t  a  g iven p o i n t  on t h e  t r ansmiss ion  l i n e s  
a r e  p laced  yr r a d i a n s  a p a r t  and a r e - o f  o p p o s i t e  phase. Thus t h e i r  
i n t r o d u c t i o n  r e p r e s e n t s  no RF in fo rmat ion  a t  t h e  frequency of 
c a l c u l a t i o n .  I n  a d d i t i o n  a  c o n t r o l  v a r i a b l e  i s  s e t  up s o  t h a t  t h e  
.amount of  t ime t h a t  each p a i r  of r o d s  spends i n  t h e  system i s  s p e c i f i e d .  
Thus any charge rod  t h a t  has  been i n  t h e  system a  l e n g t h  of t ime equal  
t o  t h e  t ime of a x i a l  t r a n s i t  through. t h e  tube i s  removed from t h e  
system and noted a s  having been c o l l e c t e d  by t h e  c o l l e c t o r  s t r u c t u r e  o r  
anode i f  i t  i s  c o l l e c t e d  on t h e  anode b e f o r e  t h i s  t ime i s  up. The 
program r e c o r d s  t h e  p o i n t  a t  which t h i s  occurs ,  t h e  wavelengths down 
t h e  c i r c u i t ,  t h e  r a d i a l  and phase c o o r d i n a t e s ,  and t h e  e x i t  p o t e n t i a l .  
It i s  a l s o  p o s s i b l e  t o  s p e c i f y  t h a t  t h e  rod no t  be removed from t h e  
system a t  t h e  end of one a x i a l  t r a n s i t ,  and t h u s ,  m u l t i p l e  r e f l e c t i o n s  
of t h e  beam a t  t h e  end space may a l s o  be s imulated.  An account of t h e  
cumulative power d i s s i p a t i o n  on t h e  c i rcu i t . ' due  t o  i n s e r t i o n  l o s s  i s  
a l s o  k e p t .  
E l e c t r o n  stream reen t rancy  through t h e  d r i f t  space i s  handled 
by taking t h e  charge remaining i n  t h e  i n t e r a c t i o n  space a t  t h e  end of 
t h e  f i r s t  pass  through t h e  delay l i n e  and rea r rang ing  t h e  charge rods  
i n  p a i r s .  These a r e  then re in t roduced  a t  t h e  inpu t  t o  t h e  i n t e r a c t i o n  
system f o r  a  succeeding pass .  They a r e  arranged s o  t h a t  t h e  new 
r a d i a l  p o s i t i o n  of each p a i r  of e l e c t r o n s  is t h e  average p o s i t i o n  which 
t h e s e  two rods  occupied a t  t h e  t e rmina t ion  of t h e  succeeding run.  
Thus they e n t e r  f o r  t h e  succeeding pass w i t h  t h e  t o t a l  p o t e n t i a l  o f  
t h e  charge c l u s t e r  unchanged. However, t h e  phase of these  r e e n t e r i n g  
e l e c t r o n s  i s  scrambled so  t h a t  no RF informat ion remains on t h e  
r e e n t e r i n g -  s t ream.  Severa l  i t e r a t i o n s  of t h i s  process  may be c a r r i e d  
out  t o  s imula te  reen t rancy .  
The need t o  s imula te  t h e  r e e n t r a n t  f e a t u r e  i s  of importance 
only i n  t h e  c a s e  where t h e  r a t i o  of c i r c u m f e r e n t i a l  and a x i a l  v e l o c i t i e s  
i s  such t h a t  almost a l l  of t h e  c i r c u i t  l e n g t h  i s  t r a v e r s e d  dur ing one 
a x i a l  p a s s ,  i n  which c a s e  many e l e c t r o n s  a r e  s t i l l  i n  t h e  system a t  
t h e  end o f  t h e  f i r s t  pass .  This-was indeed t h e  s i t u a t i o n  dur ing e a r l y  
des ign e s t i m a t e s ,  when i t  was f e l t  t h a t  a  given e l e c t r a n  would pass  
17'' of c i r c u i t  l e n g t h  b e f o r e  being removed from t h e  system. However, 
dur ing l a t e r  c a l c u l a t i o n s ,  a  more r e a l i s t i c  average of 8" of c i r c u i t  
l eng th  was used.  A t  t h e  end of t h e  f i r s t  pass ,  very few of t h e  charge 
rods  remaining i n  t h e  i n t e r a c t i o n  space had enough " l i f e  expectancyt '  
lift t o  avoid  c o l l e c t i o n  dur ing t h e  t r i p  through t h e  d r i f t  space.  
Thus a  t o t a l l y  i n s i g n i f i c a n t  number of rods  would have been re in t roduced  
f o r  a  second p a s s ,  and a  s i n g l e  pass was adequate  t o  perform t h e  
c a l c u l a t i o n s  even though reen t rancy  was permit ted .  A d e s c r i p t i o n  of 
t h e  genera l  r e s u l t s  f o r  t h e  c a l c u l a t i o n s  wi th  no end r e f l e c t i o n  fol lows.  
The beginning c a l c u l a t i o n s  f o r  t h e  des ign  of t h i s  tube were 
based on an  i n i t i a l  e s t i m a t e  t h a t  an  e l e c t r o n  e n t e r i n g  t h e  i n t e r a c t i o n  
space would t r a v e r s e  about 17" of c i r c u i t  b e f o r e  e x i t i n g .  However, a  
d e t a i l e d  a n a l y s i s  of t h e  d i f f e r e n t i a l  and a x i a l  v e l o c i t y  between t h e  
o u t e r  and inner  edge of t h e  e l e c t r o n  beam i n  t h e  i n t e r a c t i o n  space 
i n d i c a t e d  t h a t  t h i s  low an  a x i a l  v e l o c i t y  was no t  p o s s i b l e .  The 
d e t a i l s  o f  t h i s  a n a l y s i s  a r e  presented i n  S e c t i o n  2.4. However, t h e  
r e s u l t s  of t h i s  a n a l y s i s  showed t h a t  t h e  b e s t  t h a t  might be  achieved 
was t o  have t h e  a x i a l  v e l o c i t y  of t h e  inner  o r  lower edge of t h e  beam 
s e t  a t  about 10 e l e c t r o n  v o l t s .  The a x i a l  v e l o c i t y  of t h e  upper o r  
ou te r  edge of t h e  beam would correspond t o  about 50 e l e c t r o n  v o l t s .  
This means t h a t  t h e  top  e l e c t r o n  would t r a v e r s e  about  4.6" of c i r c u i t  
l eng th  be fore  e x i t i n g ,  whi le  t h e  bottom e l e c t r o n  would t r a v e r s e  about 
10.5",  s o  t h a t  a n  average e l e c t r o n  i n  t h e  middle of t h e  beam might 
t r a v e r s e  about 8" of c i r c u i t  l egn th  be fore  e x i t i n g .  
I n  t h e  d i s c u s s i o n  o f ' t h e  computer runs  which fo l lows ,  t h e  
q u a n t i t y  FRACLN i s  t h e  l eng th  of c i r c u i t  t r a v e r s e d  c i r c u m f e r e n t i a l l y  
dur ing one a x i a l  t r a n s i t  i n  t h e  manner j u s t  desc r ibed .  The r e s u l t s  of 
t h r e e  s e t s  of l a r g e  s i g n a l  runs  done f o r  t h r e e  d i f f e r e n t  va lues  of 
FRACLN a r e  d i scussed  below. The t h r e e  values  a r e  IT",  r epresen t ing  
almost a  complete r e v o l u t i o n  f o r  one a x i a l  t r a n s i t ;  8", t h e  mean va lue  
f o r  t h e  more exac t  s i t u a t i o n ;  and 5" ,  t h e  v a l u e  f o r  t h e  top  edge 
e l e c t r o n  i n  t h e  beam. The r e s u l t s  of t h e s e  v a r i o u s  runs i n d i c a t e  t h e  
g r e a t  s e n s i t i v i t y  of tube  performance t o  t h i s  v a l u e  of FRFICLN, 
p a r t i c u l a r l y  when t h e  va lue  drops t o  a  smal l  f r a c t i o n  f o r  t h e  t o t a l  
c i r c u i t  circumference.  
I n  o r d e r  t o  c a l c u l a t e  t h e  e f f i c i e n c y  from t h e  v a r i o u s  l a r g e  
s i g n a l  r u n s ,  i t  was presumed t h a t  t h e  s i x  c o l l e c t o r  elements had t h e  
fol lowing p o t e n t i a l s  (wi th  r e s p e c t  t o  cathode p o t e n t i a l )  app l ied  t o  them. 







P o t e n t i a l  
290 v 
1390 v  
2490 v  
3590 v  
46% v  
5800 v 
The computer ou tpu t  inc ludes  t h e  d i s t r i b u t i o n  of e x i t  
p o t e n t i a l s  f o r  t h e  va r ious  e l e c t r o n s  e n t e r i n g  t h e  c o l l e c t o r  sys  tem. 
Thus each e x i t i n g  charge rod can be  ass igned  t o  one of  s i x  a p p r o p r i a t e  
c o l l e c t i o n  p o t e n t i a l s  and t h e  convers ion e f f i c i e n c y  c a l c u l a t e d  f o r  t h e  
a c t u a l  s ix-e lement  c o l l e c t o r  t o  be  used i n  t h e  tube .  I n  a d d i t i o n ,  t h e  
p o t e n t i a l  d i s t r i b u t i o n  makes i t  p o s s i b l e  t o  c a l c u l a t e  a  l i m i t i n g  v a l u e  
of e f f i c i e n c y  t h a t  w i l l  b e  ob ta ined  i f  t h e r e  were a n  i n f i n i t e  number 
of c o l l e c t o r  element;  i . e . ,  t h e  c o l l e c t i o n  vo l t ages  a r e  cont inuous .  
F igure  7 g i v e s  t h e  r e s u l t s  of  t h e  computer run f o r  FRACLN 
equa l s  17". Although t h i s  i s  n o t  a  r e a l i s t i c a l l y  a c h i e v a b l e  v a l u e ,  i t  
i s  inc luded  h e r e  t o  show t h e  manner i n  which tube  performance i s  
dependent upon t h i s  v a l u e  o f  FRACLN. This run i s  t h e  only one d i scussed  
i n  t h i s  r e p o r t  t h a t  was made f o r  a  ca thode c u r r e n t  of 1 ampere. A l l  
o t h e r  runs  were made a t  t h e  r e v i s e d  des ign  v a l u e  of 1.8 amperes. 
The r e s u l t s  of t h i s  f i r s t  r u n  a r e  p l o t t e d  i n  F igure  7 ,  The 
RF power a long t h e  c i r c u i t  i s  p l o t t e d  a s  a  f u n c t i o n  of  d i s t a n c e  a long  
t h e  c i r c u i t  i n  wavelengths measured from t h e  end where t h e  RF d r i v e  
i s  a p p l i e d .  This i s  t h e  on ly  v a l u e  of  FRACLN of the v a r i o u s  runs  f o r  
which a s u f f i c i e n t  number of charge rods  remained a t  t h e  end of t h e  
f i r s t  pass t o  r e q u i r e  r epea ted  i t e r a t i o n s .  The r e s u l t s  shown a r e  t h e  
end of  t h e  second i t e r a t i o n  f o r  a  d r i v e  l e v e l  of 20 w a t t s  and a  
frequency of  300 MHz. RF output  power i s  2941 w a t t s  corresponding t o  
21.68 db of  g a i n .  A h is togram showing t h e  f r a c t i o n  of  t h e  e x i t i n g  
beam c u r r e n t  going t o  each c o l l e c t o r  element i s  shown i n  F i g u r e  8. 
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This c u r r e n t  d i s t r i b u t i o n  r e s u l t s  i n  a n  es t imated convers-n e f f i c i e n c y  
of 7%. The l i m i t i n g  v a l u e  f o r  an  i n f i n i t e  number of c o l l e c t o r  
elements would be  about 90%. 
Succeeding runs  were made based on more r e a l i s t i c  va lues  of 
t h e  parameter FRACLN. F igure  9 i s  a  p l o t  of RF power a long t h e  c i r c u i t  
And g a i n  l e v e l ,  aga in  a s  a  f u n c t i o n  of d i s t a n c e  a long t h e  c i r c u i t  from 
t h e  inpu t  end. The RF d r i v e  l e v e l  j s  20 w and t h e  c u r r e n t  l e v e l  i s  
1.8 amperes, which i s  t h e  f i n a l  des ign  v a l u e  of cathode c u r r e n t  t h a t  
was chosen f o r  t h i s  system of opera t ion .  It i s  seen  t h a t  t h e  tube  i s  
no t  q u i t e  d r iven  t o  s a t u r a t i o n  a t  20 w of d r i v e .  Figure  10 i s  a  
h is togram of t h e  c u r r e n t  d i s t r i b u t i o n  i n  t h e  spent  beam a s  a  f u n c t i o n  
of e x i t  p o t e n t i a l .  Based on t h i s  c u r r e n t  d i s t r i b u t i o n  t h e  convers ion 
e f f i c i e n c y  a t  t h i s  d r i v e  l e v e l  w i t h  t h e  six-element c o l l e c t o r  i s  46.5%, 
whi le  t h e  asymptot ic  e f f i c i e n c y  f o r  a  system of continuous c o l l e c t i o n  
v o l t a g e s  would be 69.7%. Supplementary s t u d i e s  c a r r i e d  ou t  under t h e  
p rev ious ly  re fe renced  NASA Lewis s tudy  program i n d i c a t e d  t h a t  a t  a  
d r i v e  l e v e l  o f  60 w ,  a convers ion e f f i c i e n c y  wi th  t h e  six-element 
c o l l e c t o r  of 63% was ach ievab le .  
The next  two runs  cover t h e  c a s e  of a  FRACLN of 5" 
corresponding t o  a n  a x i a l  v e l o c i t y  equ iva len t  t o  about 60 e l e c t r o n  
v o l t s  which would be t h e  a x i a l  v e l o c i t y  of t h e  top e l e c t r o n  i n  t h e  
beam when t h e  bottom e l e c t r o n  has a n  a x i a l  v e l o c i t y  corresponding t o  
10 e l e c t r o n  v o l t s .  The d e t e r i o r a t i o n  i n  performance under t h i s e  
cond i t ions  i s  s u b s t a n t i a l .  Furthermore,  f o r  t h e  f i r s t  t ime, a  d i s t i n c t  
d i f f e r e n c e  from smal l  s i g n a l  g a i n  c a l c u l a t i o n s  i s  observed.  Small 
s i g n a l  g a i n  c a l c u l a t i o n s  have been c a r r i e d  out f o r  t h e  cond i t ions  of 
t h e s e  v a r i o u s  l a r g e  s i g n a l  runs  by t ak ing  t h e  c i r c u l a t i n g  c u r r e n t  a s  
being equal  t o  1.8 amperes m u l t i p l i e d  by t h e  r a t i o  of FRACLN t o  t h e  
a c t u a l  t o t a l  c i r c u i t  length .  I n  t h i s  c a s e ,  f o r  FRACLN = 5",  t h e  
c i r c u l a t i n g  c u r r e n t  f o r  t h e  smal l  s i g n a l  c a l c u l a t i o n  was t aken  t o  be  
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r e s u l t s  of t h e  l a r g e  s i g n a l  run a r e  shown i n  F igure  11. A t  20 w of  
RF d r i v e ,  on ly  122 w of power ou tpu t  a r e  ob ta ined  and t h e  g a i n  i s  
down t o  7.8 db. The p l o t  of c u r r e n t  d i s t r i b u t i o n  ve r sus  e x i t  p o t e n t i a l  
i n  t h e  spen t  beam i s  show,n i n  F igure  12.  An examination of t h i s  c u r r e n t  
d i s t r i b u t i o n  shows t h e  l a r g e  c o n c e n t r a t i o n  of c u r r e n t  a t  low e x i t  
p o t e n t i a l ,  i n d i c a t i n g  t h a t  c u r r e n t  i s  no t  i n  t h e  i n t e r a c t i o n  system 
long enough t o  move from t h e  i n j e c t i o n  r a d i u s  t o  a  p o s i t i o n  c l o s e  t o  
t h e  anode and form a  c u r r e n t  spoke c h a r a c t e r i s t i c  of l a r g e  s i g n a l  
i n t e r a c t i o n .  A low va lue  of  g a i n  and convers ion e f f i c i e n c y  a r e  
ob ta ined .  It i s  seen t h a t  f o r  t h i s  very  low v a l u e  of FRACLN, t h e  model 
s e t  up f o r  c a l c u l a t i o n  of  t h e  smal l  s i g n a l  performance has  f a l l e n  
a p a r t  and thus  a  lower l i m i t  f o r  t h e  e f f e c t i v e  use  of t h i s  model has  
been e s t a b l i s h e d .  A t  t h e  h igher  va lues  of  FRACLN which were  examined, 
i . e . ,  8" o r  more, t h e  smal l  s i g n a l  g a i n  model c o r r e l a t e d  reasonab ly  
w e l l  wi th  t h e  r e s u l t s  ob ta ined  from t h e  l a r g e  s i g n a l  c a l c u l a t i o n s .  
I n  o r d e r  t o  determine whether a  l a r g e  v a l u e  of  RF d r i v e  
would move t h e  e l e c t r o n s  more r a p i d l y  i n t o  a  l a r g e  s i g n a l  spoke 
format ion,  t h e  run f o r  a  FRACLN of  5'' was repea ted  f o r  100 w of  d r i v e .  
The r e s u l t s  of t h i s  run  a r e  p l o t t e d  in :F igure  13. The g a i n  l e v e l  has 
been r a i s e d  s l i g h t l y  t o  8 db w i t h  a  power o u t p u t  of 640 w .  The 
c u r r e n t  d i s t r i b u t i o n  f o r  t h i s  s i t u a t i o n  i s  shown i n  F igure  14. I t  
i s  of i n t e r e s t  t o  n o t e  t h a t  even w i t h  t h i s  ve ry  l a r g e  v a l u e  of d r i v e ,  
t h e  tube  i s  s t i l l  no t  d r i v e n  i n t o  s a t u r a t i o n  because of  t h e  v e r y  low 
va lue  of  e f f e c t i v e  c i r c u l a t i n g  c u r r e n t .  The e f f i c i e n c y  f o r  t h e  
six-element c o l l e c t o r ,  based on t h e  c u r r e n t  d i s t r i b u t i o n  shown i n  
F i g u r e  14, i s  28.2$0. The asymptot ic  e f f i c i e n c y  f o r  a  c o l l e c t o r  w i t h  
a n  i n f i n i t e  number of elements would be 54$. 
The foregoing sequence of l a r g e  s i g n a l  c a l c u l a t i o n s  has  
demonstrated t h e  depefldence of tube  performance upon t h e  e f f e c t i v e  
v a l u e  of  FRACLN. For FRACLN having a n  average  v a l u e  of about 8", t h e  
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d r i v e .  I n  supplemental  s t u d i e s  c a r r i e d  out  under t h e  NASA Lewis s t u d y  
program prev ious ly  re fe renced ,  a  conf i rmat ion  of t h e s e  r e s u l t s  was 
ob ta ined  us ing  a  more d e t a i l e d  a n a l y s i s .  F i r s t ,  i n s t e a d  of u s i n g  a  
s i n g l e  v a l u e  of FRACLN r e p r e s e n t i n g  an  average f o r  t h e  beam, t h r e e  
v e l o c i t y  c l a s s e s  were a c t u a l l y  run .  These were FRACLNs of 5" ,  8 . l W ,  
and 11.4", corresponding t o  maximum, minimum, and average va lues  o f  
v e l o c i t y .  The r e s u l t  f o r  20 w of d r i v e  was 19.1 db of g a i n  and a  47% 
convers ion e f f i c i e n c y  wi th  t h e  s ix-e lement  c o l l e c t o r ,  va lues  very 
c l o s e  t o  those  obta ined w i t h  t h e  approximation of a  s i n g l e  average 
v a l u e  o f  FRACLN. The same runs  us ing  t h e  t h r e e  v e l o c i t y  c l a s s e s ,  
a g a i n  f o r  60 w of d r i v e ,  r e s u l t e d  i n  17 db of g a i n  and 63$ e f f i c i e n c y  
f o r  t h e  six-element c o l l e c t o r .  These runs  were then repea ted  wi th  
t h e  i n c l u s i o n  of space charge y i e l d i n g  s u b s t a n t i a l l y  s i m i l a r  r e s u l t s .  
Fundamental cons idera t ions  which w i l l  be  d i scussed  subsequent ly  
l i m i t  t h e  mean a x i a l  v e l o c i t y  of t h e  beam t o  about 26 e l e c t r o n  v o l t s .  
Therefore  t h e  foregoing s e r i e s  of c a l c u l a t i o n s  demonstrate t h a t  
o p e r a t i o n  i n  a  mode which a l lows t h e  beam t o  e x i t  a f t e r  one a x i a l  
t r a n s i t  r e s u l t s  i n  e f f i c i e n c i e s  w i t h  t h e  s ix-e lement  c o l l e c t o r  of 
about 4% w i t h  20 w of d r i v e  and about 63% w i t h  60 w of d r i v e .  An 
a l t e r n a t e  mode of opera t ion  t h e r e f o r e  becomes a t t r a c t i v e  i n  o rder  t o  
f u r t h e r  enhance t h e  v a l u e  of conversion e f f i c i e n c y  o b t a i n a b l e .  This 
mode of o p e r a t i o n  i s  i n d i c a t e d  i n  F igure  15b. I n  Figure  15,  t h e  t h e t a  
(8) d i r e c t i o n  a long t h e  c i r c u i t  l eng th  i s  from l e f t  t o  r i g h t .  
F igure  l5a  demonstrates t h e  e l e c t r o n  t r a j e c t o r i e s  f o r  t h e  c a s e  where 
one complete r e v o l u t i o n  occurs  dur ing t h e  t ime of a n  a x i a l  t r a n s i t .  
Current emission occurs  from t h e  cathode,  which runs  t h e  e n t i r e  
c i rcumference o f  t h e  delay l i n e .  However, i n  s i t u a t i o n s  such a s  t h i s  
where a  s u f f i c i e n t l y  low r a t i o  of a x i a l  t o  c i r c u m f e r e n t i a l  v e l o c i t y  i s  
not  o b t a i n a b l e ,  a n  a l t e r n a t e  scheme of o p e r a t i o n  i s  needed a s  shown i n  
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This s k e t c h  covers  t h e  c a s e  where only  a  smal l  f r a c t i o n  of  a  
r e v o l u t i o n  occurs  dur ing t h e  t ime of one a x i a l  t r a n s i t .  I n  o rde r  t o  
make more e f f e c t i v e  u s e  of t h e  c u r r e n t ,  a  r e f  l e c t o r  r e p l a c e s  t h e  
c o l l e c t o r  system over  most of t h e  c i r c u i t  l e n g t h .  The mul t i -e lement  
c o l l e c t o r  now e x i s t s  a t  a  segment of  the  c i r c u i t  near  t h e  output  end 
o r  a c t u a l l y  i n  t h e  d r i f t  space  r e g i o n .  A s i m i l a r  r e f l e c t o r  i s  shown 
a t  t h e  ca thode end of  t h e  i n t e r a c t i o n  space .  Thus t h e  e l e c t r o n  s t ream 
w i l l  make m u l t i p l e  t r a n s i t s  a x i a l l y  through t h e  i n t e r a c t i o n  system. 
S ince  t h i s  s h o r t  c i r c u m f e r e n t i a l  t r a y e l  e f f e c t i v e l y  e l i m i n a t e s  
r een t rancy  (few e l e c t r o n s  would g e t l t h r o u g h  t h e  d r i f t  s e c t i o n ) ,  t h e r e  
i s  no longer  any p o i n t  t o  i n j e c t i n g  t h e  c u r r e n t  a long t h e  e n t i r e  
l e n g t h  of t h e  c i r c u i t .  Current  i n j e c t e d  near  t h e  output  end would be  
e s s e n t i a l l y  wasted.  Thus t h e  a x i a l  i n j e c t i o n  of c u r r e n t  now takes  
p l a c e  from a  ca thode whose l e n g t h  i s  l i m i t e d  to a f r a c t i o n  of t h e  t o t a l  
of  t h e  c i r c u i t  l e n g t h ,  say  t y p i c a l l y  one-quar ter  o r  one- th i rd  of t h e  
c i r c u i t  l eng th .  An a d d i t i o n a l  f a c t o r  which p o i n t s  t o  c o n s i d e r a t i o n  of  
t h i s  approach comes from t h e  exper imenta l  r e s u l t s  which a r e  d i s c u s s e d  
l a t e r .  These r e s u l t s  i n d i c a t e  t h a t  i n  o r d e r  t o  m a i n t a i n  low n o i s e  
o p e r a t i o n ,  t h e  reen t rancy  of  t h e  beam should  be  i n h i b i t e d .  Th i s  system 
of m u l t i p l e  r e f l e c t i o n  w i t h  c u r r e n t  i n j e c t i o n  occur r ing  a long t h e  
c i r c u i t  near  t h e  i n p u t  end i s  capable  of g iv ing  h i g h  e f f i c i e n c y  
performance w h i l e  s t i l l  r e t a i n i n g  t h e  c u r r e n t  c o n t r o l  t h a t  accompanies 
t h e  a x i a l  i n j e c t i o n  scheme. A l a r g e  s i g n a l  run c a r r i e d  ou t  under t h e  
NASA Lewis s tudy  program f o r  t h e  parameters of  t h i s  t u b e ,  u s i n g  
1 ampere of ca thode c u r r e n t  and a  scheme of  r e f l e c t i o n  a s  shown i n  
F igure  15b,  r e s u l t e d  i n  a n  ou tpu t  power of 3250 w w i t h  20 w of d r i v e .  
This i s  22 db of g a i n  and a  convers ion e f f i c i e n c y  f o r  t h e  s ix-e lement  
c o l l e c t o r  system of 7l$, which was q u i t e  c l o s e  t o  t h e  t h e o r e t i c a l  
asymptot ic  l i m i t  o f  7% f o r  a n  i n f i n i t e  element c o l l e c t o r  system. This  
i s  a r e s u l t  of  f u l l y  u t i l i z i n g  t h e  ca thode c u r r e n t  by a  system of  
m u l t i p l e  r e f l e c t i o n s .  These c o n s i d e r a t i o n s  a r e  r e i n f o r c e d  by some of 
t h e  exper imenta l  r e s u l t s  d i scussed  l a t e r  i n  t h i s  r e p o r t ,  i n d i c a t i n g  
t h a t  a  scheme of m u l t i p l e  beam r e f l e c t i o n s  should  r e s u l t  i n  t h e  
h i g h e s t  l e v e l s  of tube  performance. 
The v o l t a g e s  on t h e  r e f l e c t o r  elements need no t  be  s e t  s o  
t h a t  t o t a l  r e f l e c t i o n  of  t h e  beam occurs .  The p o t e n t i a l  on t h e  
r e f l e c t i n g  elements may be  s e t  s o  t h a t  only  t h e  e l e c t r o n s  which e n t e r  
t h e  r e f l e c t i o n  r e g i o n  above cathode p o t e n t i a l  a r e  r e f l e c t e d .  E l e c t r o n s  
below cathode p o t e n t i a l  r e p r e s e n t  out-of-phase  e l e c t r o n s  and would b e  
c o l l e c t e d  and removed from t h e  system, thus  g i v i n g  r i s e  t o  a  g r e a t e r  
r a t e  of  g a i n  and making p o s s i b l e  a  s h o r t e r  c i r c u i t  l eng th  and h igher  
e f f i c i e n c y  of o p e r a t i o n .  
2.4 Design of E l e c t r o n  Gun and Eva lua t ion  of  Beam Parameters 
The magnetron i n j e c t i o n  gun and t r a n s i t i o n  reg ion  i n t o  t h e  
i n t e r a c t i o n  space  a r e  shown schemat ica l ly  i n  F i g u r e  16. The e l e c t r o n  
beam i s  genera ted  i n  t h e  magnetron i n j e c t i o n  gun and e n t e r s  t h e  
i n t e r a c t i o n  space ,  a r r i v i n g  a t  s t e a d y  s t a t e  t r a j e c t o r y  such t h a t  t h e  
average  c i r c u m f e r e n t i a l  v e l o c i t y  i s  equal  t o  t h e  phase v e l o c i t y  o f  t h e  
anode c i r c u i t .  This f a c t  i s  a s s u r e d  by proper adjus tment  of t h e  r a t i o  
of e l e c t r i c  t o  magnetic f i e l d s  i n  t h e  i n t e r a c t i o n  space .  There a r e  
two f a c t o r s  of i n t e r e s t  i n  launching t h e  beam. One of t h e s e  i s  
minimizing t h e  amount of c y c l o i d i n g  performed by t h e  beam about i t s  
mean r a d i a l  p o s i t i o n  i n  t h e  i n t e r a c t i o n  space ,  s i n c e  t h i s  c y c l o i d i n g  
r e p r e s e n t s  a  component of k i n e t i c  energy which may b e  wasted i n  
d i s s i p a t i o n  on t h e  anode de lay  l i n e  f o r  t h e  c o l l e c t o r  s t r u c t u r e .  
The o t h e r  i tem of i n t e r e s t  i s  the  d i f f e r e n c e  i n  a x i a l  v e l o c i t y  
between t h e  outermost edge of t h e  beam and t h e  i n n e r  edge of t h e  beam. 
This  v e l o c i t y  d i f f e r e n t i a l  s e t s  t h e  minimum v a l u e  a t  which t h e  upper 
edge o f  t h e  beam may t r a v e l .  When t h e  upper edge v e l o c i t y  i s  equa l  t o  
t h i s  d i f f e r e n t i a l ,  t h e  lower edge v e l o c i t y  must be  ze ro  and t h e  beam i s  
a t  t h e  p o i n t  of being stopped and r e f l e c t e d  back i n t o  t h e  gun r e g i o n .  
F I G U R E  16 MAGNETRON I N J E C T I O N  GUN AND T R A N S I T I O N  R E G I O N  T O  
I N T E R A C T I O N  SPACE 
It w i l l  b e  shown t h a t  t h e  d i f f e r e n t i a l  i n  a x i a l  v e l o c i t y  i s  s e t  by 
f a c t o r s  which invo lve  t h e  th ickness  of t h e  beam, t h e  c u r r e n t ,  t h e  
magnetic f i e l d ,  and t h e  geometry of t h e  gun. It i s  p o s s i b l e  t o  va ry  
t h e  mean v a l u e  of beam a x i a l  v e l o c i t y  by t h e  adjustment of v o l t a g e s  on 
those  e l e c t r o d e s  which a f f e c t  e l e c t r i c  f i e l d  i n  t h e  t r a n s i t i o n  r e g i o n  
between t h e  e l e c t r o n  gun and t h e  i n t e r a c t i o n  space.  
A computer program which has been developed t o  do t r a j e c t o r y  
t r a c i n g  f o r  t h e  a x i a l  i n j e c t i o n  beam was used t o  e s t a b l i s h  t h e  degree  
of c o n t r o l  which t h e  s o l e  b i a s  can e x e r c i s e  over t h e  mean a x i a l  v e l o c i t y  
of t h e  e l e c t r o n  beam. This program was a l s o  used t o  e v a l u a t e  t h e  
degree  of cycloiding t o  b e  expected under t h e  launching cond i t ions  s e t  
up by t h e  gun design.  
It was shown i n  Sec t ion  2.3 t h a t  t h e  performance of t h e  tube 
i s  dependent upon t h e  parameter FRACLN which r e p r e s e n t s  t h e  l eng th  of 
c i r c u i t  t r a v e l e d  by a n  e l e c t r o n  during one a x i a l  t r a n s i t .  It was 
f u r t h e r  a s s e r t e d  t h a t  t h i s  d i s t a n c e  expressed a s  a  f r a c t i o n  of t h e  
t o t a l  c i r c u i t  l eng th  i s  equal  t o  t h e  r a t i o  of c i r c u l a t i n g  c u r r e n t  t o  
cathode c u r r e n t  i n  t h e  smal l  s i g n a l  model of t h e  a x i a l  i n j e c t i o n  
a m p l i f i e r .  This r e l a t i o n s h i p  of c u r r e n t s  i s  de r ived  i n  F igure  17. 
When t h e  e l e c t r o n  beam has been launched and has en te red  t h e  
i n t e r a c t i o n  space,  t h e r e  i s  a  d i f f e r e n t i a l  i n  bo th  t h e  c i r c u m f e r e n t i a l  
v e l o c i t y  and t h e  a x i a l  v e l o c i t y  between t h e  top  and bottom edges of 
t h e  beam. The s l i p  i n  t h e  c i r c u m f e r e n t i a l  v e l o c i t y  i s  s e t  by t h e  
space charge cond i t ions  i n  t h e  beam. The s l i p  i n  a x i a l  v e l o c i t y  i s  
s e t  by t h e  e l e c t r o n  gun des ign  parameters and t h e  d e t a i l s  of t h e  
f i e l d  encountered by t h e  e l e c t r o n  beam i n  t h e  t r a n s i t i o n  reg ion  
between t h e  gun and t h e  i n t e r a c t i o n  space.  A s  w i l l  be  shown, t h i s  
d i f f e r e n t i a l  i n  a x i a l  v e l o c i t y  i s  a c t u a l l y  dependent only  on t h e  
t e rmina l  cond i t ions  i n  t h e  i n t e r a c t i o n  space and t h e  cathode t i l t  
a n g l e .  A lower l i m i t  on t h e  a x i a l  v e l o c i t y  i s  reached when t h e  a x i a l  
v e l o c i t y  a t  t h e  bottom of  t h e  beam i s  reduced t o  ze ro  and t h e  top  o f  
t h e  beam has  an  a x i a l  v e l o c i t y  equal  i n  magnitude t o  t h i s  d i f f e r e n t i a l .  
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Each electron has circumferential and axial drift velocities, v and v 
respectively. Let po be the space charge density in the beam ugder lo$ level 
conditions when the beam is uniform throughout the interaction space and let 
t be the beam thickness in the radial direction (out of the paper). The 
circumferential current is then pothvc and the axial current is p tKDv 
a 
where D is the beam diameter on injection. The ratio of these cufrents 
I 41, - (h/lm) (vc/ve) However h/v is the transit time t for an electron 
tfirough the interact~bn space and vet = L is the circumferential distance an 
electron travels while in the interaction space. Thus IC/Ia : L/KD or the 
ratio of circumferential to axial current is equal to the fraction of the full 
circumference that a trajectory covers in its traverse across the interaction 
space. 
FIGURE 17 INPUT, OUTPUT, AND CIRCULATING CURRENTS 
These a r e  t h e  cond i t ions  under which t h e  beam i s  j u s t  on t h e  verge of 
being r e f l e c t e d  back i n t o  t h e  gun region.  However, t h e  mean v a l u e  of 
a x i a l  v e l o c i t y  f o r  t h e  e l e c t r o n  beam can be a d j u s t e d  by t h e  d e t a i l s  
of t h e  f i e l d  seen i n  t h e  t r a n s i t i o n  region.  The sole-cathode v o l t a g e  
i s  one of t h e  paramaters which may be v a r i e d  t o  ach ieve  t h i s  c o n t r o l .  
The design of t h e  magnetron i n j e c t i o n  gun s t a r t s  wi th  t h e  
Kino a n a l y s i s  ( ~ e f .  2 ) .  This a n a l y s i s  i s  used t o  e s t a b l i s h  t h e  
cond i t ions  i n  t h e  beam a t  t h e  e x i t  from t h e  gun reg ion .  A t  t h i s  po in t  
t h e r e  i s  a  s l i p  i n  t h e  c i r c u m f e r e n t i a l  v e l o c i t y  and i n  t h e  a x i a l  
v e l o c i t y  between t h e  top and bottom edges of t h e  beam. These q u a n t i t i e s  
a r e  func t ions  of t h e  magnetic f i e l d ,  t h e  cathode t i l t  a n g l e ,  t h e  
cur ren t  d e n s i t y ,  and t h e  l eng th  of t h e  cathode.  The cathode t i l t  
a n g l e  of 4 degrees was chosen f o r  t h i s  des ign sgnce t h e r e  i s  some 
accumulated t h e o r e t i c a l  and experimental  evidence t o  t h e  e f f e c t  t h a t  
mainta ining a  f i n i t e  t i l t  a n g l e  i s  u s e f u l  i n  reducing t h e  amount of 
n o i s e  generated w i t h i n  t h e  gun. Phys ica l ly  t h i s  means t h a t  t h e  
c u r r e n t  i s  removed rapi!dly from t h e  gun reg ion  b e f o r e  an  excess ive  
bui ldup of n o i s e  can occur.  
Therefore ,  a l though  t h e  use  of a  smal le r  cathode t i l t  a n g l e  
does reduce t h e  d i f f e r e n t i a l  i n  a x i a l  v e l o c i t y ,  t h e s e  n o i s e  
cons idera t ions  l e d  t o  t h e  choice  of a n  opera t ing  a n g l e  of 4 degrees .  
The Kino a n a l y s i s  i s  a l s o  used t o  des ign t h e  shape of t h e  a c c e l e r a t o r  
e l e c t r o d e  f o r  a  p a r t i c u l a r  v a l u e  of a c c e l e r a t o r  p o t e n t i a l .  The 
parameters of t h i s  p a r t i c u l a r  gun design a r e  given i n  Table 111. 
As can be  seen ,  t h e  c i r c u m f e r e n t i a l  v e l o c i t y  a t  t h e  e x i t  
p lane  from t h e  gun i s  considerably  l e s s  than t h e  synchronous v e l o c i t y  
of 290 e l e c t r o n  v o l t s  i n  t h e  i n t e r a c t i o n  reg ion .  Thus i n  t h e  t r a n s i t i o n  
r e g i o n ,  t h e  r a d i a l  e l e c t r i c  f i e l d  i s  i n c r e a s e d ,  i n c r e a s i n g  t h e  
c i r c u m f e r e n t i a l  v e l o c i t y  and a l s o  impar t iog a n  a d d i t i o n a l  s l i p  i n  
a x i a l  v e l o c i t y  between t h e  top  and bottom of t h e  beam. 
The c a l c u l a t i o n  of a x i a l  v e l o c i t y  s l i p  i n  t h e  i n t e r a c t i o n  
space can be  c a r r i e d  out  by making use  of some g e n e r a l  r e l a t i o n s  which 
TABLE I11 
ELECTRON GUN PARAMETERS USING KIN0 ANALYSIS 
Cathode current 1.80 amps 
Current density 0.56 amps/cm 2 
Magnetic f i e l d  900 gauss 
Cathode t i l t  angle 4 degrees 
Cathode circumferential length 25.0 i n  
Cathode area 3.23 cm 2 
Cathode width 0.020 i n  
Velocities and Radial Displacements 
of Top and Bottom Edge Electrons from t h e i r  Points of Origin 
Two Cathode Lengths from Corner of Emitting Surface 
Two cathode lengths = 0.040 i n  
TOP Bottom 
Electron Electron 
8 ,  inches 0.123 0  077 
r ,  inches 0.0194 0.0145 
Z ,  inches. 0.0400 0.0200 
@-velocity,  electron vol ts  123.6 77.9 
r -veloci ty ,  electron vol ts  1-32 1 .OO 
z-velocity, electron vol ts  33.6 13.3 
Radial e l e c t r i c  f i e l d ,  15.1 
volts/0.001 inch 
have  been  d e r i v e d  ( ~ e f .  3 )  f o r  a n  a x i a l  i n j e c t i o n  beam hav ing  B r i l l o u i n  
f low c h a r a c t e r i s t i c s  i n  t h e  c i r c u m f e r e n t i a l  d i r e c t i o n .  The r e s u l t  o f  
t h i s  c a l c u l a t i o n  shows t h a t  t h e  f i n a l  d i f f e r e n t i a l  i n  a x i a l  v e l o c i t y  
between t h e  two edges  of t h e  beam c a n  be  g i v e n  i n  e l e c t r o n  v o l t s  as 
f o l l o w s .  
where Av = t h e  d i f f e r e n t i a l  i n  a x i a l  v e l o c i t y  i n  e l e c t r o n  v o l t s  
Z 
E = t h e  r a d i a l  e l e c t r i c  f i e l d  a t  t h e  c e n t e r  o f  t h e  beam 
0 
tk = t h e  v e r t i c a l  r i s e  of  t h e  c a t h o d e ,  i . e . ,  
tk = t h e  ca thode  l e n g t h  m u l t i p l i e d  by  t h e  s i n e  of  t h e  
ca thode  t i l t  a n g l e  
Thus,  i t  a p p e a r s  t h a t  t h e  d i f f e r e n t i a l  i s  dependent  o n l y  on 
t h e  t e r m i n a l  c o n d i t i o n s  i n  t h e  i n t e r a c t i o n  s p a c e  and t h e  i n i t i a l  
c o n d i t i o n s  a t  t h e  ca thode  i n  t h e  gun.  The h i s t o r y  of t h e  beam i n  t h e  
t r a n s i t i o n  r e g i o n  s e t s  t h e  a b s o l u t e  v a l u e s  of a x i a l  v e l o c i t y  b u t  n o t  
t h e  d i f f e r e n t i a l  v a l u e .  T h i s  a n a l y t i c a l  r e l a t i o n s h i p  h a s  been  c r o s s  
checked  by  t h e  s p e c i f i c  numer i ca l  r e s u l t s  o b t a i n e d  from a  sequence  o f  
computer  r u n s  t r a c i n g  t h e  e l e c t r o n  t r a j e c t o r i e s  from t h e  gun i n t o  t h e  
i n t e r a c t i o n  s p a c e .  
The f o r e g o i n g  r e l a t i o n s h i p  a p p l i e s  as f o l l o w s .  The o p e r a t i n g  
magne t i c  f i e l d  i s  t a k e n  t o  b e  900  g a u s s .  The synchronous  v o l t a g e  i s  
290 v o l t s  and t h e  r a d i a l  e l e c t r i c  f i e l d  c o r r e s p o n d i n g  t o  t h i s  i s  
2 3 . 1  v o l t s / 0 . 0 0 1  i n c h .  T h i s  would b e  t h e  e l e c t r i c  f i e l d  i n  t h e  c e n t e r  
of t h e  beam i f  t h e  c e n t e r  p l a n e  were  assumed t o  b e  synchronous w i t h  
t h e  d e l a y  l i n e .  S i n c e  t h e  c a t h o d e  l e n g t h  i s  0 .020  i n c h  and t h e  c a t h o d e  
t i l t  a n g l e  i s  4 d e g r e e s ,  t h e  ca thode  v e r t i c a l  r i s e  i s  0.0014 i n c h .  T h i s  
v a l u e  m u l t i p l i e d  by  2 3 . 1  v o l t s / 0 . 0 0 1  inch  g i v e s ,  by t h e  c r i t e r i a  j u s t  
q u o t e d ,  a d i f f e r e n t i a l  v e l o c i t y  between t h e  uppe r  and lower edges  of 
t h e  beam o f  3 2 . 3  e l e c t r o n  v o l t s .  As h a s  been  p o i n t e d  o u t ,  t h i s  
S*E'eD laboratories, ine. 
c a l c u l a t i o n  i s  independent of t h e  s p e c i f i c  d e t a i l s  of t h e  e l e c t r i c  
f i e l d  d i s t r i b u t i o n  i n  t h e  t r a n s i t i o n  space between t h e  magnetron 
i n j e c t i o n  gun and t h e  i n t e r a c t i o n  reg ion .  I n  a  s e r i e s  of runs  w i t h  
t h e  t r a j e c t o r y  t r a c i n g  program i n  which t h e  f i e l d  i n  t h i s  r e g i o n  was 
v a r i e d ,  a  d i f f e r e n t i a l  of about 40 e l e c t r o n  v o l t s  was e s t a b l i s h e d  
between t h e  upper and lower edges of t h e  beam. This was c o n s i s t e n t  
over a  s e r i e s  of runs  where t h e  a b s o l u t e  v a l u e  of t h e  a x i a l  v e l o c i t y  
of t h e  bottom edge of t h e  beam was v a r i e d  by a  f a c t o r  of 10;  i . e . ,  
from about 9 e l e c t r o n  v o l t s  t o  93 e l e c t r o n  v o l t s .  
A s e r i e s  of runs  was c a r r i e d  out  t o  determine t h e  e x t e n t  t o  
which a  v a r i a t i o n  i n  t h e  s o l e  b i a s  could c o n t r o l  t h e  a x i a l  v e l o c i t y  of 
t h e  lower edge of t h e  beam. Most of t h i k  sequence of c a l c u l a t i o n s  was 
c a r r i e d  ou t  on t h e  supplemental  s tudy program sponsored by NASA Lewis 
Research Center .  R e f e r r i n g . t o  F igure  16, t h e  s t a r t i n g  po in t  f o r  t h e  
c a l c u l a t i o n  was a t  t h e  e x i t  p lane f o r  t h e  magnetron i n j e c t i o n  gun 
reg ion .  This was taken t o  be two cathode l eng ths  beyond t h e  l e f t  
corner  of t h e  cathode a s  sketched i n  t h i s  f i g u r e .  The i n i t i a l  cons tan t s  
f o r  t h e  run were those  determined from t h e  magnetron i n j e c t i o n  gun 
c a l c u l a t i o n s  us ing  t h e  Kino a n a l y s i s  and p rev ious ly  given i n  Table 111. 
S p e c i f i c a l l y ,  t h e  fol lowing were t h e  i n i t i a l  c o n s t a n t s  i n  t h e  
c a l c u l a t i o n .  
C i rcumferen t ia l  v e l o c i t y  a t  
s t a r t i n g  po in t  
TOP 
Bottom 
125 e l e c t r o n  v o l t s  
78 e l e c t r o n  v o l t s  
Axia l  v e l o c i t y  a t  s t a r t i n g  
po in t  
TOP 34 e l e c t r o n  v o l t s  
Bottom 20 e l e c t r o n  v o l t s  
C i rcumferen t ia l  v e l o c i t y  i n  289 e l e c t r o n  v o l t s  
i n t e r a c t i o n  space 
Anode p o t e n t i a l  w i t h  r e s p e c t  5.8 kv 
t o  ca thode 
S o l e  p o t e n t i a l  w i t h  r e s p e c t  -3.4 kv 
t o  cathode - v a r i a b l e  
Gun a c c e l e r a t o r  p o t e n t i a l  1250 v  
w i t h  r e s p e c t  t o  ca thode 
E l e c t r o n  gun fbcus element Cathode p o t e n t i a l  
p o t e n t i a l  
Sole-anode spacing 0.4 i n  
A s e r i e s  of  runs  was made where t h e  s o l e  v o l t a g e  w i t h  
r e s p e c t  t o  cathode p o t e n t i a l  was v a r i e d  i n  50 v o l t  s t e p s  from -4.0 kv 
t o  -3.2 kv. A t  t h e  h igher  v a l u e s  of b i a s  v o l t a g e ,  t h e  e n t i r e  beam was 
r e f l e c t e d  i n t o  t h e  gun r 'egion.  A t  3.4 kv, t h e  bottom edge e l e c t r o n  
was r e f l e c t e d  and t h e  top edge e l e c t r o n  en te red  t h e  i n t e r a c t i o n  space .  
A t  3350 v ,  t h e  e n t i r e  beam en te red  i n  t h e  i n t e r a c t i o n  space w i t h  t h e  
bottom edge e l e c t r o n  having a  v e l o c i t y  of 51.5 e l e c t r o n  v o l t s .  With 
22.4 i n  of  a c t i v e  c i r c u i t  l e n g t h ,  t h e s e  v e l o c i t i e s  correspond t o ' a  
FRACLN. f o r  t h e  top  edge of 4.6 i n  and a  FRACLN f o r  t h e  bottom edge of  
1 0 . 6  i n ,  w i t h  a n  average v a l u e  of  7.56 i n .  I t  i s  based on t h i s  s e t  
of v a l u e s  t h a t  t h e  l a r g e  s i g n a l  runs  us ing a n  average ,FRACLN of about  
8 i n  were i n i t i a l l y  c a r r i e d  o u t .  F u r t h e r  r educ t ions  i n  b i a s  r e s u l t e d  
i n  i n c r e a s e d  a x i a l  v e l o c i t i e s  s o  t h a t  a t  3.2 kv b i a s ,  t h e  lower beam 
edge e l e c t r o n s  were t r a v e l i n g  w i t h  93 e l e c t r o n  v o l t s  and t h e  upper 
edge e l e c t r o n s  were t r a v e l i n g w i t h  132 e l e c t r o n  v o l t s .  Note t h a t  t h e  
d i f f e r e n t i a l  of 40 e l  c t r o n  v o l t s  i s  s t i l l  mainta ined.  f 
General ly  t h e n ,  one may expect  t h a t  a n  a x i a l  i n j e c t i o n  
a m p l i f i e r  w i t h  t h i s  mode of o p e r a t i o n  w i l l  e x h i b i t  a  v a r i a t i o n  of  
ca thode  c u r r e n t  ve r sus  s o l e  b i a s  v o l t a g e  a s  sketched i n  F igure  18. 
This  assumes t h a t  a l l  o t h e r  o p e r a t i n g  v o l t a g e s  and t h e  magnetic f i e l d  
remain c o n s t a n t .  When t h e  s o l e  p o t e n t i a l  i s  v a r i e d  i n  t h e  d i r e c t i o n  
of i n c r e a s i n g  t h e  nega t ive  s o l e  b i a s ,  a  r a p i d  dec rease  i n  c u r r e n t  may 
b e  expected a s  t h e  knee of the  curve  i s  passed,  s i n c e  v a r i o u s  p o r t i o n s  
Operating poin t  
with minimum 
a x i a l  ve loc i ty  
Sole p o t e n t i a l  with respec t  t o  cathode 
( Increasing negat ive)  
FIGURE 18 CATHODE CURRENT VERSUS SOLE BIAS VOLTAGE 
of t h e  beam a r e  r e f l e c t e d  back i n t o  t h e  gun reg ion .  F i n a l l y  even t h e  
most e n e r g e t i c  e l e c t r o n s  a r e  r e t u r n e d  t o  t h e  gun. Thus, opera t ion  a t  
a  s o l e  b i a s  s l i g h t l y  l e s s  than t h a t  appear ing a t  t h e  knee of t h e  
curve w i l l  i n s u r e  t h a t  t h e  e l e c t r o n  stream e n t e r s  t h e  i n t e r a c t i o n  
region w i t h  a  minimum forward a x i a l  v e l o c i t y ,  a s s u r i n g  t h e  l a r g e s t  
p o s s i b l e  v a l u e  of FRACLN. This p a r t i c u l a r  c u r r e n t  c h a r a c t e r i s t i c  i s  a  
d i a g n o s t i c  t o o l  f o r  s e t t i n g  up t h e  opera t ing  cond i t ions  i n  an  
experimental  a m p l i f i e r  and determining t h e  opera t ing  cond i t ions  w i t h i n  
t h e  beam. 
An examination of t h e  e l e c t r o n  t r a j e c t o r i e s  once i n s i d e  t h e  
i n t e r a c t i o n  space showed t h a t  f o r  t h e  geometry sketched i n  F igure  16 
wi th  t h e  a p p l i e d  v o l t a g e s  i n d i c a t e d ,  t h e  beam was smoothly launched. 
The amount of r a d i a l  cyc lo id ing  corresponded t o  excurs ions  of about 
p lus  and minus 50 e l e c t r o n  v o l t s  o r  about 20$ of t h e  synchronous 
v o l t a g e .  These numbers r e p r e s e n t  a  smooth beam w i t h  a n  unimportant 
f r a c t i o n  of t h e  t o t a l  dc inpu t  e x i s t i n g  i n  cyc lo id ing  energy of t h e  
e l e c t r o n  s t ream.  
A schematic of t h e  multi-element c o l l e c t o r  s t r u c t u r e  i s  
sketched i n  c ross  s e c t i o n  i n  F igure  19. The s k e t c h  i s  done i n  t h e  
r - z  p lane wi th  t h e  a x i s  of symmetry of t h e  tube below t h e  view of t h e  
ske tch .  The ske tch  i s  shown t o  s c a l e  wi th  t h e  sole-anode spacing 
i n d i c a t e d  a s  0.4 inc The c o l l e c t o r  elements,  l a b e l e d  1 through 6,  a r e  
c i ' rcular  and t h e  beve l  shown on t h e  upper r igh thand  s i d e  of each 
c o l l e c t o r  element i s  p laced t h e r e  t o  shape t h e  p o t e n t i a l  l i n e s  i n  t h a t  
r e g i o n - s o  t h a t  secondary e l e c t r o n s  t h a t  might be  emit ted from t h e  next  
h igher  c o l l e c t o r  element would b e  re tu rned  t o  t h e  element of emission.  
Col lec to r  r i n g  No. 1 was divided i n t o  four  i n s u l a t e d  
quadrants s o  t h a t  d i f f e r i n g  v o l t a g e s  could be placed on c o l l e c t o r  r i n g  
No. 1 a s  a  f u n c t i o n  o f  c i r c u m f e r e n t i a l  d i s t a n c e  a long t h e  delay l i n e .  
One o b j e c t  of t h i s  mode of c o n s t r u c t i o n  was t o  a l low f o r  a n  experimental  
assessment of v e l o c i t y  d i s t r i b u t i o n s  i n  t h e  e l e c t r o n  s t ream by 

measuring t h e  amount of c u r r e n t  c o l l e c t e d  on t h e  v a r i o u s  quadrants  of 
t h e  f i r s t  r i n g .  I n  a d d i t i o n ,  experiments i n  p a r t i a l  r e f l e c t i o n  could 
be c a r r i e d  o u t  by running some of t h e  quadrants  of r i n g  No. 1 a t  
p o t e n t i a l s  which were n e g a t i v e  wi th  r e s p e c t  t o  t h e  ca thode.  The 
quadrant of  r i n g  No. 1 near  t h e  RF output  would b e  s e t  a t  normal 
c o l l e c t i n g  p o t e n t i a l s  s o  t h a t  p a r t i a l  r e f l e c t i o n  of t h e  beam would 
occur a long t h e  l eng th  of t h e  c i r c u i t  wi th  c o l l e c t i o n  occurr ing a t  t h e  
en t rance  t o  t h e  d r i f t  r e g i o n  nea r  t h e  output  end. A s  a l r e a d y  i n d i c a t e d ,  
t h e  normal d i s t r i b u t i o n  of v o l t a g e s  on the  c o l l e c t o r  r i n g s  i n  o r d e r  of 








P o t e n t i a l  
600 v  
1390 v  
249 v  
3590 v  
469 v  
5800 v  
The element l abe led  "anode ex tens ion  r i n g "  i s  a  smooth bore  
m e t a l l i c  r i n g  placed i n  t h e  p o s i t i o n  i n d i c a t e d  t o  extend t h e  anode 
p o t e n t i a l  from t h e  edge of t h e  delay l i n e  t o  c o l l e ~ t o r  element N o .  6 
i n  a  smooth f a s h i o n .  The spacing between t h i s  anode ex tens ion  r i n g  
and t h e  c i r c u i t  b a r s  of  t h e  anode was chosen s o  a s  t o  avoid  excess ive  
c a p a c i t i v e  loading of t h e  anode b a r s  by t h e  ex tens ion  r i n g .  A f t e r  
some of t h e  exper imenta l  r e s u l t s  had been e v a l u a t e d ,  i t  appeared i n  
r e t r o s p e c t  t h a t  t h i s  spac ing  had been made too  l a r g e .  F u r t h e r  a n a l y s i s  
of t g e  c o l l e c t o r  r e g i o n  c a r r i e d  ou t  w i t h  t h e  t r a j e c t o r y  t r a c i n g  
program i n d i c a t e d  t h a t  a n  excess ive  d i s t o r t i o n  of  t h e  dc e l e c t r i c  
f i e l d  p a t t e r n  was occur r ing  i n  t h e  reg ion  of t h e  gap between t h e  anode 
and anode ex tens ion  r i n g .  This c o n s i s t e d  of a  bulging of t h e  p o t e n t i a l  
l i n e s  i n t o  t h e  gap between t h e s e  two c i r c u i t  elements r e s u l t i n g  i n  a  
Se%i'.D laboratories, inc. 
p o t e n t i a l  b a r r i e r  which e l e c t r o n s  t r a v e l i n g  a x i a l l y  i n  t h i s  r e g i o n  had 
t o  pass through. I n  S e c t i o n  3 .0  which d i scusses  t h e  exper imenta l  
r e s u l t s ,  i t  i s  i n d i c a t e d  t h a t  t h e  c o l l e c t o r  s t r u c t u r e  d i d  no t  f u n c t i o n  
p r o p e r l y ,  w i t h  one of  t h e  anomalous c h a r a c t e r i s t i c s  of  t h i s  ma l func t ion  
being excess ive ly  l a r g e  amounts of c u r r e n t  drawn t o  t h e  anode 
ex tens ion  r i n g  element.  Two groups of t r a j e c t o r y  t r a c i n g  runs  were 
c a r r i e d  ou t  i n  t h e  c o l l e c t o r  r eg ion .  These computer runs  were done 
under t h e  a n a l y t i c a l  des ign  program sponsored by t h e  NASA Lewis 
Research Center .  The f i r s t  group of runs took a  c l u s t e r  of seven 
e l e c t r o n s  and al lowed them t o  e n t e r  t h e  c o l l e c t o r  r e g i o n  from t h e  
i n t e r a c t i o n  space  w i t h  r a d i a l  p o s i t i o n s  corresponding t o  a  p o t e n t i a l  
d i s t r i b u t i o n  which v a r i e d  from -1100 v  t o  4-5340 v  w i t h  r e s p e c t  t o  
ca thode p o t e n t i a l .  The i r  a x i a l  v e l o c i t y  toward t h e  c o l l e c t o r  s t r u c t u r e  
corresponded t o  50 e l e c t r o n  v o l t s .  The r e s u l t s  of t h i s  run showed 
t h a t  on ty  t h e  t h r e e  lowest  p o t e n t i a l  e l e c t r o n s ,  t h a t  i s  those  a t  
p o t e n t i a l s  below 1 . 2  kv ,  reached t h e i r  a p p r o p r i a t e  c o l l e c t o r  r i n g s .  
The four  e l e c t r o n s  t h a t  had been i n j e c t e d  a t  t h e  h igher  p o t e n t i a l  
p o s i t i o n s  were a l l  r e f l e c t e d  back i n t o  t h e  i n t e r a c t i o n  s t r u c t u r e .  
Examination of t h e  p o t e n t i a l  p l o t  t h a t  t h e  program produces showed 
t h a t  a  200 v  p o t e n t i a l  b a r r i e r  e x i s t e d  i n  t h e  r e g i o n  of  t h e  gap 
between t h e  anode and anode ex tens ion  r i n g .  Subsequent runs  which 
a t tempted t o  minimize t h i s  e f f e c t  by varying t h e  p o t e n t i a l  of t h e  
anode ex tens ion  r i n g  d i d  not  produce apprec iab ly  d i f f e r e n t  r e s u l t s .  
A second s e t  of runs  was c a r r i e d  out  t o  i n v e s t i g a t e  t h e  
paths  of  e l e c t r o n s  genera ted by secondary emission a t  t h e  c o l l e c t o r  
r i n g s .  Secondary emission e l e c t r o n s  were s imulated by p lac ing  a  
s e r i e s  of  e l e c t r o n s  j u s t  i n  f r o n t  of  t h e  s u r f a c e  of  t h e  v a r i o u s  
c o l l e c t o r  e lements .  The e l e c t r o n s  were g iven a  few e l e c t r o n  v o l t s  of 
a x i a l  v e l o c i t y  toward t h e  i n t e r a c t i o n  r e g i o n  a s  w e l l  a s  i n  t h e  
d i r e c t i o n  of  i n c r e a s i n g  r a d i u s .  The e l e c t r o n s  a t  t h e  lower p o t e n t i a l  
c o l l e c t o r  r i n g s  r e e n t e r e d  t h e  in te i rac t ion  space where they would r e j o i n  
t h e  main e l e c t r o n  stream. However, tKe e l e c t r o n s  a t  t h e  h ighes t  
va lues  of p o t e n t i a l  were turned back and d r i v e n  i n t o  t h e  r i n g  of next  
h igher  p o t e n t i a l ,  inc reas ing  t h e  e f f e c t i v e  dc power inpu t .  Thus i t  i s  
f e l t  t h a t  t h e  d i s t o r t i o n  in t roduced by t h i s  overs ized  gap between t h e  
two elements i n  t h e  c o l l e c t o r  reg ion  i s  a n  important f a c t o r  i n  t h e  
malfunct ioning of t h e  c o l l e c t o r  s t r u c t u r e  and i n  t h e  apparen t ly  
i n e f f e c t i v e  performance of t h e  c o l l e c t o r s .  
3 . 0  THE EXPERIMENTAL AMPLIFIER AND TEST RESULTS 
The a m p l i f i e r  whose design has been desc r ibed  was assembled 
f o r  t e s t i n g  i n  a  s o l e n o i d ,  s o  t h a t  experimental  f l e x i b i l i t y  could be 
maintained by a l lowing a  v a r i a t i o n  i n  magnetic f i e l d .  A photograph of 
t h e  assembled a m p l i f i e r  i s  shown i n  Figure  20. The assembled RF 
impedance t ransformers  a r e  seen i n  t h e  photograph. These connect t h e  
input  and output  ends of t h e  anode delay l i n e  t o  e x t e r n a l  50 ohm 
transmiss ion l i n e s .  These t ransformers  a r e  e x t e r n a l  t o  t h e  vacuum 
envelope of t h e  tube .  The h e l i x  loaded bar  c i r c u i t  which c o n s t i t u t e s  
t h e  anode of t h e  a m p l i f i e r  has  a  su rge  impedance of approximately 
300 ohms. The t ransformer  c o n s i s t s  of a  smal l  l e n g t h  of h e l i x  loaded 
bar  c i r c u i t  i n  which t h e  ba r  and c o i l  dimensions a r e  v a r i e d  i n  a  
s e r i e s  of s t e p s .  The r a t i o  of u n i t  inductance t o  u n i t  capac i t ance  of 
t h e  a r t i f i c i a l  t r ansmiss ion  l i n e  i s  reduced from a  r a t i o  y i e l d i n g  a  
su rge  impedance of 300 ohms t o  a  r a t i o  y i e l d i n g  50 ohms. This 
reduc t ion  i s  done i n  a  manner which keeps t h e  inductance-capaci tance 
product e s s e n t i a l l y  cons tan t  so  t h a t  t h e  c u t o f f  frequency and 
d i s p e r s i o n  c h a r a c t e r i s t i c s  of t h e  equivalent  f i l t e r  network a r e  t h e  
same a s  f o r  t h e  de lay  l i n e  i t s e l f .  The t ransformers  a r e  connected 
through t h e  vacuum w a l l  t o  t h e  delay l i n e  a t  t h e  h igh  impedance end by 
a  s h o r t  l eng th  of two-wire t r ansmiss ion  l i n e  t h a t  e n t e r s  through t h e  
top p l a t e  a s  shown. This arrangement r e s u l t s  i n  added experimental  
f l e x i b i l i t y  f o r  t h i s  tube .  The tube i s  assembled by a  system of 
h e l i a r c  welds,  making i t  p o s s i b l e  t o  open up t h e  e l e c t r o n  gun end o r  
c o l l e c t o r  end f o r  f u r t h e r  des ign modi f i ca t ions  of t h e  experimental  
v e h i c l e .  
Fur the r  exper imental  f l e x i b i l i t y  was obta ined i n  t h i s  
a m p l i f i e r  by having two a d d i t i o n a l  c o n t r o l  elements i n s i d e  t h e  tube.  
These c o n s i s t  of gat&g e l e c t r o d e s  i n  t h e  d r i f t  tube  s e c t i o n  - one 
f l u s h  wi th  t h e  anode s u r f a c e ,  t h e  otLsr  f l u s h  w i t h  t h e  s o l e  s u r f a c e .  
These two e l e c t r o d e s  run  e s s e n t i a l l y  t h e  e n t i r e  a x i a l  he igh t  of t h e  
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de lay  d6ne and a r e  i n s u l a t e d  s o  t h a t  n e g a t i v e  o r  p o s i t i v e  v o l t a g e s ,  
w i t h  r e s p e c t  t o  t h e  s o l e  o r  anode s t r u c t u r e s ,  can be  a p p l i e d  t o  them. 
These elements were used i n  t h e  exper imenta l  work t o  e v a l u a t e  o p e r a t i o n  
of t h e  a m p l i f i e r  under cond i t ions  where reen t rancy  was i n h i b i t e d .  Th i s  
tu rned  o u t  t o  b e  a  necessary  c o n d i t i o n  f o r  e l i m i n a t i n g  background RF 
n o i s e  i n  t h e  absence of RF d r i v e .  
The c i r c u l a r  h e a t e r  f o r  t h e  r i n g  cathode was divided i n t o  
s e p a r a t e  i n s u l a t e d  s e c t i o n s .  The f i r s t  s e c t i o n  was a  q u a r t e r  c i r c l e  
i n  l eng th  and was a t  t h e  inpu t  end of t h e  de lay  l i n e ,  wht le  t h e  o t h e r  
t h r e e - q u a r t e r  c i r c l e  of h e a t e r  covered t h e  remaining a r c  of t h e  ca thode.  
This was done t o  provide  s t i l l  f u r t h e r  exper imenta l  f l e x i b i l i t y  s o  
t h a t  p a r t s  of t h e  cathode could b e  turned o f f  whi le  runs  were being 
made. 
It had been agreed t h a t  i n  o rde r  t o  o b t a i n  a  maximum of 
performance in fo rmat ion  b e f o r e  e v a l u a t i n g  t h e  thermal c a p a b i l i t i e s  o f  
t h e  tube ,  t h e  i n i t i a l  round of  RF t e s t  measurements would be  done on 
a  pulsed b a s i s .  Thus, t h e  i n i t i a l  measurements were c a r r i e d  ou t  a t  a  
0 .001 du ty  c y c l e .  This was done by applying t h e  a p p r o p r i a t e  dc 
p o t e n t i a l s  t o  t h e  v a r i o u s  elements of t h e  tube but  w i t h  t h e  a c c e l e r a t o r  
mainta ined a t  a  n e g a t i v e  v o l t a g e  w i t h  r e s p e c t  t o  ca thode p o t e n t i a l  
s o  a s  t o  keep t h e  gun from e m i t t i n g .  During t h e  "on" t ime,  a  p o s i t i v e  
p u l s e  was a p p l i e d  t o  t h e  a c c e l e r a t o r  e l e c t r o d e  t o  b r i n g  t h e  gun i n t o  
ponduction.  The RF d r i v e  p u l s e  was made about twice  a s  wide a s  t h e  
a p p l i e d  v o l t a g e  p u l s e  s o  t h a t  t h e  tube  came on and went o f f  dur ing t h e  
t ime of t h e  RF p u l s e .  
I n i t i a l  runs  were made us ing  t h e  e n t i r e  ca thode c i r c l e  f o r  
emission,  w i t h  no a t t empt  t o  r e f l e c t  t h e  beam back from t h e  end spaces .  
I n  t h e  d i s c u s s i o n s  t h a t  fo l low,  a l l  v o l t a g e s  a r e  c a l l e d  o u t  w i t h  
r e s p e c t  t o  ca thode p o t e n t i a l .  I n  o rde r  t o  avo id  some v o l t a g e  s tandogf  
problems t h a t  a r o s e ,  t h e  opera t ing  cathode-anode p o t e n t i a l  i s  reduced 
from t h e  d e s i g n  v a l u e  of  5.8 kv t o  4.8 kv,  leaving t h e  r a t i o  of anode 
t o  synchronous v o l t a g e  s t i l l  a t  a h igh v a l u e  of 17 t o  1. 
It w i l l  a l s o  be  observed t h a t  t h e  magnetic f i e l d  used was 
somewhat lower than t h e  900 gauss t h a t  was o r i g i n a l l y  used i n  t h e  
5.8 kv t h e o r e t i c a l  c a l c u l a t i o n s .  The reason f o r  t h i s  l i e s  i n  t h e  
f a c t  t h a t  when space charge f o r c e s  were not  taken i n t o  account ,  t h e  
c a l c u l a t e d  magnetic f i e l d  requ i red  t o  make t h e  c e n t e r  of t h e  beam 
synchronous w i t h  t h e  delay l i n e  phase v e l o c i t y  was h igher  than  i f  
space charge fo rces  were accounted f o r .  Therefore ,  f o r  t h e  l a r g e  
s i g n a l  program and t h e  t r a j e c t o r y  t r a c i n g  r o u t i n e ,  900 gauss i s  t h e  
a p p r o p r i a t e  magnetic f i e l d  t o  e s t a b l i s h  synchronous cond i t ions  when 
space charge f o r c e s  a r k  l e f t  o u t .  However, when space charge f o r c e s  
a r e  taken i n t o  account and t h e  c e n t e r  of t h e  beam i s  presumed 
synchronous wi th  t h e  delay l i n e ,  then t h e  reduc t ion  i n  e l e c t r i c  f i e l d  
a t  t h e  c e n t e r  of t h e  beam r ' e su l t s  i n  a reduced v a l u e  of magnetic 
f i e l d .  This reduced v a l u e  was used i n  t h e  l a r g e  s i g n a l  c a l c u l a t i o n s  
t h a t  took space charge i n t o  account .  Thus a t  t h e  t h e o r e t i c a l  5.8 kv 
t h a t  was used i n  t h e  l a r g e  s i g n a l  c a l c u l a t i o n s  when space charge 
was considered,  t h e  a p p r o p r i a t e  magnetic f i e l d  was 818 gauss and a 
f u r t h e r  reduc t ion  followed a t  t h e  a c t u a l  experimental  v o l t a g e  used,  
4.8 kv. 
With pulsed a m p l i f i e r  measurements .being made a t  a cathode 
c u r r e n t  of 1.8 amperes, s e v e r a l  important f a c t o r s  emerged from t h e  
tes tZng t o  modify t h e  expec ta t ions  of t h e  o r i g i n a l  des ign model. I n  
o r d e r  t o  o b t a i n  n o i s e  f r e e  o p e r a t i o n ,  i t  was necessary  t o  completely 
i n h i b i t  a l l  beam reen t rancy .  This was done by p u t t i n g  t h e  s o l e  i n s e r t  
a t  o r  ve ry  c l o s e  t o  anode p o t e n t i a l .  Having e l imina ted  t h e  background 
n o i s e ,  t h e  fol lowing r e s u l t s  t h e n  emerged. The ga in  obta ined by 
opera t ing  t h e  tube  c l o s e  t o  t h e  knee of t h e  s o l e - b i a s  c u t o f f  curve was 
c l o s e  t o  t h e  va lue  c a l c u l a t e d ,  t h a t  i s  about 20 db. However, t h e  
convers ion e f f i c i e n c y  obta ined w i t h  t h e  six-element c o l l e c t o r  s t r u c t u r e  
was considerably  below t h a t  c a l c u l a t e d .  There appeared t o  be  two main 
reasons  f o r  t h i s .  One was a  malfunct ioning of t h e  c o l l e c t o r  s t r u c t u r e  
s o  t h a t  a n  excess ive ly  l a r g e  amount of c u r r e n t  went t o  t h e  anode 
ex tens ion  r i n g .  This c u r r e n t  was c o l l e c t e d  a t  f u l l  anode p o t e n t i a l  
and d i d  not  r e p r e s e n t  f u l l y  i n t e r a c t e d  e l e c t r o n s .  Secondly,  t h e  need 
t o  i n h i b i t  r een t rancy  by p lac ing  t h e  s o l e  i n s e r t  a t  anode p o t e n t i a l  
meant t h a t  a n  a d d i t i o n a l  component of c u r r e n t  was c o l l e c t e d  a t  f u l l  
anode p o t e n t i a l  wi thout  being f u l l y  i n t e r a c t e d .  These two f a c t o r s  
t o g e t h e r  served t o  reduce t h e  expected e f f i c i e n c y  f o r  n o n - r e f l e c t i o n  
o p e r a t i o n .  
Typ ica l  performance c h a r a c t e r i s t i c s  under t h e  two s e t s  of  
c o n d i t i o n s  j u s t  desc r ibed  a r e  shown i n  Figures  2 1  through 24. 
F i g u r e  2 1  shows a  t y p i c a l  s o l e  b ias -ca thode  c u r r e n t  curve .  The 
synchronous opera t ing  p o i n t  occurred a t  j u s t  about 1850 v  of b i a s ;  
t h a t  i s ,  t h e  opera t ing  parameters had been ad jus ted  s o  t h a t  o p e r a t i o n  
would occur j u s t  a t  the  knee of t h e  curve .  
F i g u r e  22 i s  a  p l o t  of RF power output  ve r sus  d r i v e  power. 
No a t t empt  i s  made w i t h  t h i s  s e t  o f  o p e r a t i n g  cond i t ions  t o  i n h i b i t  
r een t rancy .  A l l  quadrants of t h e  f i r s t  c o l l e c t o r  r i n g  a r e  600 v  
p o s i t i v e  w i t h  r e s p e c t  t o  ca thode p o t e n t i a l ,  w i t h  t h e  o t h e r  r i n g s  a t  
t h e  p o t e n t i a l s  i n d i c a t e d .  The curve  of s i g n a l  frequency power ou tpu t  
i s  t h e  ou tpu t  power a s  measured through a  f i l t e r  tuned t o  t h e  d r i v e  
f requency.  The t o t a l  power ou tpu t  i s  obta ined by removing t h e  f i l t e r .  
A t  t h e  lower l e v e l s  of d r i v e ,  t h e  d i f f e r e n c e  between t h e  s i g n a l  
frequency energy and t h e  t o t a l  energy output  i s  a  spectrum of  broad 
band n o i s e .  It w i l l  be  noted t h a t  a t  s a t u r a t i o n  t h e  convers ion 
e f f i c i e n c y  i s  about 3476, a n  i n d i c a t i o n  t h a t  t h e  s ix-e lement  c o l l e c t o r  
i s  n o t  performing p roper ly .  
Th i s  can be  seen from t h e  curves  p l o t t e d  i n  F i g u r e  23 which 
shows t h e  anode c u r r e n t  and anode ex tens ion  r i n g  c u r r e n t  a s  a  func t ion  
of RF d r i v e .  It i s  no t i ced  t h a t  over t h e  range of d r i v e  power, t h e  
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of  wasted dc inpu t  power. The curves  of F igure  22 i n d i c a t e  t h e  manner 
i n  which t h e  n o i s e  energy i s  locked o u t  a s  t h e  RF d r i v e  l e v e l  i s  
i n c r e a s e d  t o  t h e  s a t u r a t i o n  l e v e l .  
When t h e  s o l e  i n s e r t  e l e c t r o d e  i s  placed a t  ground p o t e n t i a l ,  
thus i n h i b i t i n g  a l l  r een t rancy  by sweeping e l e c t r o n s  i n  t h e  d r i f t  space  
i n t o  t h i s  c o n t r o l  e l e c t r o d e ,  t h e  background n o i s e  i s  e l imina ted  a s  
shown i n  F igure  24. As seen h e r e  t h e  convers ion e f f i c i e n c y  a t  
s a t u r a t i o n  i s  about 2% f o r  t h e  power ou tpu t  of 1 .3  kw. The s m a l l  
s i g n a l  g a i n  i s  sk j .11  approximately 20 db. The background n o i s e  h a s  
been e l imina ted  b u t  s i n c e  t h e  s o l e  i n s e r t  c o l l e c t s  about 2@ of t h e  
ca thode c u r r e n t ,  t h e  convers ion e f f i c i e n c y  h a s  been f u r t h e r  degraded.  
The i n h i b i t i o n  of r een t rancy  i n  t h i s  manner, of course ,  i s  no t  t h e  way 
i t  would b e  done i f  t h i s  f e a t u r e  had been o r i g i n a l l y  designed f o r .  
The proper  way t o  i n h i b i t  r een t rancy  would b e  t o  put  a  s e r i e s  of 
i n - l i n e  c o l l e c t o r s  i n  t h e  d r i f t  space  s o  t h a t  t h e  beam may b e  c o l l e c t e d  
a t  t h e  proper  p o t e n t i a l .  Each e l e c t r o n  would be  c o l l e c t e d  a t  
approximately t h e  p o t e n t i a l  which i t  had when i t  e x i t e d  from t h e  
i n t e r a c t i o n  space .  This would b e  s i m i l a r  t o  t h e  p r e s e n t  scheme of  
o p e r a t i o n  w i t h  t h e  end space  c o l l e c t o r  s t r u c t u r e .  
Recognizing t h a t  t h e  c o l l e c t o r  s t r u c t u r e  was no t  f u n c t i o n i n g  
p r o p e r l y ,  i t  was decided t o  perform a n  experiment which would g i v e  a  
measure of t h e  convers ion e f f i c i e n c y  when t h e  tube was d r i v e n  t o  f u l l  
s a t u r a t i o n .  This  was done by app ly ing  s u f f i c i e n t l y  nega t ive  v o l t a g e  
on a l l  of t h e  c o l l e c t o r  e lements ,  i n c l u d i n g  t h e  anode ex tens ion  r i n g ,  
s o  t h a t  no c u r r e n t  was c o l l e c t e d  on any of t h e s e  elements.  The beam 
was a l lowed t o  b e  f u l l y  r e e n t r a n t  i n  t h i s  c o n d i t i o n .  This i s  not  t h e  
normal mode of o p e r a t i o n  f o r  t h e  a x i a l  i n j e c t i o n  a m p l i f i e r  s i n c e  w i t h  
t h e  d r i v e  removed under t h e s e  c o n d i t i o n s  a  l a r g e  amount of background 
n o i s e  e x i s t s .  However, when d r i v e n  t o  s a t u r a t i o n ,  t h e  n o i s e  was 
locked o u t .  These t e s t s  were made a t  two d i f f e r e n t  l e v e l s  of RF 
output  power, 1.1 kw and 2 . 2  kw. The r e s u l t s  of t h e s e  measurements 
a r e  g iven i n  F igures  25 and 26.  It i s  seen t h a t  i n  t h e  case  of  t h e  
1 kw r u n ,  a  s a t u r a t i o n  e f f i c i e n c y  of about 71% was obta ined whi le  i n  
t h e  c a s e  of t h e  2  kw r u n ,  a  s a t u r a t i o n  e f f i c i e n c y  of about 6qo was 
ob ta ined .  These runs  were made w i t h  reduced cathode c u r r e n t  - 
0 . 4  amperes i n  t h e  c a s e  of t h e  1 kw run and 0 . 8  amperes i n  t h e  c a s e  
of t h e  2 kw r u n .  The reduc t ion  i n  ca thode c u r r e n t  was made s i n c e  t h e  
c o l l e c t o r  elements were f u l l y  r e f l e c t i n g  and t h e  c i r c u l a t i n g  c u r r e n t  
was equal  t o  t h e  ca thode c u r r e n t  r a t h e r  than  a  f r a c t i o n  of t h e  ca thode 
c u r r e n t .  The duty c y c l e  was inc reased  by a  f a c t o r  of 10 t o  0 . 0 1  t o  
i n c r e a s e  t h e  accuracy of t h e  measurements. 
The performance c h a r a c t e r i s t i c s  i n d i c a t e d  i n  Figures  25 and 
26 were taken w i t h  only  t h r e e - q u a r t e r s  of t h e  f u l l  h e a t e r  c i r c l e  
turned on. This meant t h a t  only  t h e  t h r e e - q u a r t e r s  of t h e  cathode 
c i r c l e  which runs  a long t h e  delay l i n e  toward t h e  ou tpu t  p o r t  was i n  
o p e r a t i o n .  S ince  t h e s e  measurements were made under a  c o n d i t i o n  of 
t o t a l  r e f l e c t i o n  from a l l  c o l l e c t o r  r i n g s ,  i t  was not  necessary  t o  have 
t h e  f u l l  ca thode c i r c l e  e m i t t i n g .  As can b e  s e e n ,  t h e  ga in  was 20 db 
and 23 db f o r  F igures  25 and 26,  r e s p e c t i v e l y .  
It was no t  p o s s i b l e  t o  c a r r y  out  a  d e t a i l e d  e v a l u a t i o n  of 
performance w i t h  t h e  f i r s t  q u a r t e r  segment of t h e  cathode c i r c l e  
e m i t t i n g  combined w i t h  r e f l e c t i o n  over  t h e  o p e r a t i n g  l eng th  of t h e  
de lay  l i n e ,  and c o l l e c t i o n  i n  t h e  d r i f t  a r e a  near  t h e  output  p o r t .  
The reason f o r  t h i s  i s  t h a t  t h e  c o l l e c t o r  s t r u c t u r e  used he re  was n o t  
p r i m a r i l y  designed f o r  t h i s  mode of o p e r a t i o n .  Only r i n g  No. 1 i s  
segmented s o  t h a t  r e f l e c t i n g  p o t e n t i a l s  can be  a p p l i e d  over p a r t  of 
i t s  c i rcumference w h i l e  a  proper  c o l l e c t i n g  p o t e n t i a l  i s  supp l i ed  a t  
the ou tpu t  end. This r i n g  i s  geomet r i ca l ly  p laced so a s  t o  c o l l e c t  
e l e c t r o n s  w i t h  a n  e x i t  p o t e n t i a l  about t h a t  of t h e  synchronous v o l t a g e .  
I n  o rde r  t o  have p a r t  of t h i s  r i n g  a c t  a s  a  r e f l e c t o r ,  i t  i s  necessa ry  
t o  depress  t h e  p o t e n t i a l  of t h a t  r i n g  t o  n e a r l y  s o l e  p o t e n t i a l ;  and 
i t  was found t h a t  t h i s  could no t  be  done wi thou t  i n c u r r i n g  v o l t a g e  
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power output  
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FIGURE 25 PERFORMANCE I N  REENTRANT MODE WITH NO CURRENT ON COLLECTOR 
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s t a n d o f f  problems. Therefore ,  a  complete e v a l u a t i o n  of t h i s  mode of 
o p e r a t i o n  could no t  be c a r r i e d  o u t .  I f  t h e  system were designed f o r  
t h i s  r e f l e c t i o n  mode o r i g i n a l l y ,  then t h e  f e f l e c t i n g  element would 
extend r a d i a l l y  t o  a  p o s i t i o n  much c l o s e r  t o  t h e  anode; and a  
p o t e n t i a l  e i t h e r  equal t o  t h e  synchronous v o l t a g e  o r  cathode p o t e n t i a l  
would be  adequate  t o  r e f l e c t  most of t h e  beam back i n t o  t h e  i n t e r a c t i o n  
space.  It was found t h a t  t h e  elements of t h e  f i r s t  r i n g  could no t  be 
depressed more than about 900 v  below cathode p o t e n t i a l ,  and t h i s  was 
no t  s u f f i c i e n t  t o  g ive  a  d e f i n i t i v e  e v a l u a t i o n  of t h e  s e l e c t i v e  
r e f l e c t i o n  concept.  
However, a d d i t i o n a l  experimental  evidence does e x i s t  t o  
r e i n f o r c e  t h e  v a l i d i t y  of t h e  concept involving t h e  use  of r e f l e c t i o n  
along t h e  delay l i n e  and then c o l l e c t i o n  a t  t h e  output  end. The 
approach used a l s o  involves  a  b locking e l e c t r o d e  which p r o j e c t s  from 
t h e  s o l e  i n  o rder  t o  i n t e r r u p t  r een t rancy  and t h e r e f o r e  suppress  n o i s e  
g e n e r a t i o n .  The approach used i s  not  optimal but  t h e  performance 
f i g u r e s  i n d i c a t e  what can be achieved by t h i s  scheme. Figures  27 and 
28 compare t h e  approach used i n  t h i s  program w i t h  t h e  technique used 
i n  t h e  o t h e r  program. F igure  27 ske tches  t h e  b a s i c  c o l l e c t o r  scheme 
t h a t  was used i n  t h e  a m p l i f i e r  b u i l t  on t h i s  program. The s o l e  i n s e r t  
a s  shown was t h e  mechanism used t o  i n t e r r u p t  r een t rancy .  S ince  t h e  
i n s e r t  was f l u s h  w i t h  t h e  s o l e  i t s e l f ,  i t  had t o  b e  run e s s e n t i a l l y '  
a t  anode p o t e n t i a l  t o  be  e f f e c t i v e ,  thus  in t roduc ing  i n e f f i c i e n c y  in 
o p e r a t i o n .  I n  a d d i t i o n ,  the  f i r s t  segmented c o l l e c t o r  r i n g  was no t  
of t h e  proper  geometry t o  s e t  up r e f l e c t i o n  of t h e  beam along t h e  
delay l i n e .  The need t o  i n t e r r u p t  r een t rancy  t o  c o n t r o l  n o i s e  and t h e  
u s e  of e l e c t r o n  r e f l e c t i o n  because of t h e  high a x i a l  v e l o c i t y  component 
l ead  l o g i c a l l y  t o  t h e  concept of us ing  t h e  cathode segment t h a t  on ly  
runs  p a r t i a l l y  a long t h e  delay l i n e .  
This scheme has  been implemented, a s  shown i n  t h e  ske tch  i n  













































































































































































































































j u s t  mentioned. Reentrancy through t h e  d r i f t  space was p h y s i c a l l y  
blocked by an  i s o l a t e d  s o l e  i n s e r t .  The c o l l e c t o r  assembly c o n s i s t s  
of two coplanar  c o l l e c t o r s  which can o p e r a t e  under p a r t i a l  o r  f u l l  
beam r e f l e c t i o n .  The p o r t i o n  of t h e  cathode s t r u c t u r e  which emits  i s  
of l i m i t e d  l eng th  and m u l t i p l e  r e f l e c t i o n s  of t h e  r e l a t i v e l y  h igh  
a x i a l  v e l o c i t y  e l e c t r o n s  a r e  i n d i a a t e d .  I n  t e s t s ,  t h i s  a m p l i f i e r  
demonstrated t h a t  ze ro  s i g n a l  s t a b i l i t y  was a t t a i n a b l e  even under f u l l  
beam r e f l e c t i o n  cond i t ions  and proper low n o i s e  performance was a l s o  
obta ined w i t h  va r ious  degrees of beam r e f l e c t i o n .  The beam used i n  
t h i s  a m p l i f i e r  has  a n  a p p r e c i a b l e  a x i a l  v e l o c i t y  component even i n  t h e  
a m p l i f i e r  a s  b u i l t  on t h i s  program. 
When opera t ing  wi th  f u l l  beam r e f l e c t i o n  c o n d i t i o n s ,  t h i s  
a m p l i f i e r ' s  c o l l e c t o r  des ign  reduces t o  e s s e n t i a l l y  a  s i n g l e  c o l l e c t o r  
element being opera ted  a t  ground p o t e n t i a l .  Although t h e  s imple  
scheme of incorpora t ing  a  s i n g l e  blocking element i n  t h e  d r i f t  space 
reduces t h e  o b t a i n a b l e  e f f i c i e n c y  , t h e  t e s t s  performed on t h i s  a m p l i f i e r  
demonstrated t h a t  ze ro  s i g n a l  s t a b i l i t y  and high s a t u r a t i o n . e f f i c i e n c y  
could be obta ined s imul taneously  from a n  a x i a l  i n j e c t i o n  system using 
a r e f l e c t i n g  mode of o p e r a t i o n .  
This a m p l i f i e r  demonstrated 55% e f f i c i e n c y  a t  t h e  1 kw t o  
2 kw s a t u r a t i o n  power output  l e v e l  wi th  ze ro  s i g n a l  s t a b i l i t y .  
It i s  t o  be  emphasized t h a t  t h i s  e f f i c i e n c y  was ob ta ined  
w i t h  what was simply a  one- o r  two-element c o l l e c t i o n  system depending 
J 
upon how t h e  v o l t a g e s  were a d j u s t e d .  A more s u i t a b l e  v e r s i o n  of t h e  
scheme w i l l  be sketched i n  Sec t ion  4.0,  which g i v e s  t h e  conclus ions  
and recommendations f o r  f u r t h e r  des ign development. 
4 . 1  C~o.nclusipns From T h i s  Program 
The a b i l i t y  o f  a n  a x i a l  i n j e c t i o n  c r o s s e d - f i e l d  a m p l i f i e r  
t o  p r o v i d e  t h e  optimum o p e r a t i n g  c h a r a c t e r i s t i c s  f o r  a m p l i f i c a t i o n  of 
AM and FM TV s i g n a l s  h a s  been i n v e s t i g a t e d  e x p e r i m e n t a l l y .  The 
f o l l o w i n g  r e s u l t s  and v a r i a t i o n s  from t h e  o r i g i n a l  d e s i g n  concep t  have 
r e s u l t e d  from t h i s  work. 
The model used  t o  c a l c u l a t e  t h e  low l e v e l  g a i n  of t h e  
a m p l i f i e r  i s  v a l i d  and c o r r e l a t e s  t h e  e x p e r i m e n t a l  r e s u l t s .  
I n  e m i t t i n g  s o l e  a m p l i f i e r s ,  a  d r i f t  s p a c e  t r a n s m i t s  
e l e c t r o n s  from t h e  o u t p u t  t o  i n p u t  p o r t i o n s  of t h e  r e e n t r a n t  c i r c u i t .  
T h i s  demodula tes  t h e  beam and p r e v e n t s  RF r e g e n e r a t i o n  due t o  e l e c t r o n  
r e e n t r a n c y .  Th i s  scheme i s  n o t  adequa te  t o  p r e v e n t  t h e  b u i l d u p  o f  
background n o i s e  f o r  an  a x i a l  i n j e c t i o n  a m p l i f i e r  under  low RF d r i v e  
l e v e l  c o n d i t i o n s ,  and t h e r e f o r e  a n  a p p r o p r i a t e  d e s i g n  f o r  l i n e a r  
o p e r a t i o n  s h o u l d  e l i m i n a t e  e l e c t r o n  r e e n t r a n c y .  
I n  a x i a l  i n j e c t i o n  CFAs o f  t h e  t y p e  s t u d i e d ,  t h e  e l e c t r o n  
t r a j e c t o r i e s  canno t  b e  slowed i n  t h e  a x i a l  d i r e c t i o n  t o  t h e  d e g r e e  
r e q u i r e d  t o  make t h e  e l e c t r o n s  c i r c u l a t e  a round a  s u b s t a n t i a l  f r a c t i o n  
o f  t h e  c i r c u m f e r e n c e  of t h e  t u b e  i n  one  a x i a l  t r a n s i t  a c r o s s  t h e  
i n t e r a c t i o n  space .  As a  consequence ,  many of  t h e  e l e c t r o n s  l e a v e  t h e  
i n t e r a c t i o n  s p a c e  w i t h o u t  s u b s t a n t i a l  ene rgy  exchange w i t h  t h e  RF 
wave and e f f i c i e n c y  i s  r educed .  By r e f l e c t i n g  e l e c t r o n s  a t  t h e  s i d e s  
o f  t h e  i n t e r a c t i o n  s p a c e  r a t h e r  t h a n  c o l l e c t i n g  them, more n e a r l y  
complete  i n t e r a c t i o n  i s  o b t a i n e d  and t h e  e f f i c i e n c y  i s  h i g h .  
The a b i l i t y  t o  a c h i e v e  a n  e f f i c i e n c y  of  abou t  70% a t  t h e  
s a t u r a t i o n  power l e v e l  u s i n g  t o t a l  beam r e f l e c t i o n  h a s  been  demon- 
s t r a t e d .  Noise l e v e l s  a r e  low when t h e  t u b e  i s  o p e r a t e d  as a  
s a t u r a t e d  a m p l i f i e r  under  t h i s  c o n d i t i o n ,  b u t  t h e r e  i s  no dynamic 
r ange .  
Sop* laboratories, inc. 
Gain  of  20 db and wide  dynamic r ange  have  been  demons t r a t ed  
when e l e c t r o n  r e e n t r a n c y  i s  i n h i b i t e d .  
The a x i a l  i n j e c t i o n  a m p l i f i e r  u s e s  a m u l t i - e l e m e n t  c o l l e c t o r  
s t r u c t u r e  s o  t h a t  t h e  dc  power i n p u t  t o  t h e  d e v i c e  i s  a  f u n c t i o n  of  
t h e  RF d r i v e  l e v e l ,  t h u s  m a i n t a i n i n g  c o n v e r s i o n  e f f i c i e n c y  o v e r  a  w ide  
r a n g e  o f  RF d r i v e  l e v e l s .  An e f f e c t i v e  d e m o n s t r a t i o n  of t h e  c o l l e c t o r  
o p e r a t i o n  was n o t  ach i eved .  T h i s  i s  b e l i e v e d  t o  b e  p r i m a r i l y  due t o  
t h e  improper  p o s i t i o n i n g  of a n  a u x i l i a r y  e l e c t r o d e  which f i l l s  t h e  
t r a n s i t i o n  s p a c e  between t h e  anode c i r c u i t  and t h e  c o l l e c t o r  s t r u c t u r e .  
The e f f e c t s  of  t h e  f i e l d  d e f o r m a t i o n  due t o  t h i s  e l e c t r o d e  were  
p robab ly  compounded by seconda ry  e m i s s i o n  from some of t h e  c o l l e c t o r  
e l e m e n t s ,  A new c o l l e c t o r  format  a p p r o p r i a t e  t o  a  n o n - r e e n t r a n t  
d e s i g n  w i l l  b e  s u g g e s t e d .  A  f u l l  t e s t  of beam r e f l e c t i o n  o p e r a t i o n  
cou ld  n o t  be  ach i eved  on t h i s  a m p l i f i e r .  However, t h e  r e s u l t s  of  
l a r g e  s i g n a l  computer  r u n s  and e x p e r i m e n t a l  r e s u l t s  ach i eved  from 
o t h e r  a x i a l  i n j e c t i o n  a m p l i f i e r  programs s u p p o r t  t h e  v a l i d i t y  of  t h i s  
c o n c e p t .  
It is  t h e r e f o r e  proposed t h a t  w i t h  t h e  p r o p e r  m o d i f i c a t i o n  
i n  d e s i g n  app roach ,  t h e  a x i a l  i n j e c t i o n  c r o s s e d - f i e l d  a m p l i f i e r  i d  
w e l l  s u i t e d  f o r  p r o v i d i n g  h i g h  c o n v e r s i o n  e f f i c i e n c y  ove r  a wide r a n g e  
of d r i v e  l e v e l s .  
High g a i n  l e v e l ,  z e r o  s i g n a l  s t a b i l i t y ,  low c a t h o d e  e m i s s i o n  
d e n s i t y ,  un i fo rm the rma l  d i s s i p a t i o n  on t h e  c i r c u i t ,  and long  l i f e  
c a p a b i l i t y  shou ld  b e  r e s u l t a n t  o p e r a t i n g  c h a r a c t e r i s t i c s .  
4.2 Sugges ted  M o d i f i c a t i o n s  i n  Design, Approach 
There  i s  a n  accumula t ion  o f  e v i d e n c e  t h a t  t h e  d e s i r a b l e  
c h a r a c t e r i s t i c s  o f  t h e  a x i a l  i n j e c t i o n  a m p l i f i e r  c a n  be  ach i eved  w i t h  
t h e  f o l l o w i n g  m o d i f i c a t i o n s  i n  t h e  fo rma t  of  t h e  o r i g i n a l  concep t .  
These i n v o l v e  b l o c k i n g  t h e  e l e c t r o n  s t r e a m  r e e n t r a n c y  i n  o r d e r  t o  
avo id  u n d e s i r a b l e  background n o i s e  i n  t h e  absence  of  RF d r i v e .  I n  
a d d i t i o n ,  a  scheme of  r e f l e c t i o n  from t h e  end s p a c e s  i s  needed t o  
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compensate f o r  t h e  r e l a t i v e l y  h igh  a x i a l  v e l o c i t i e s  i n  t h e  beam s o  
t h a t  an  a d e q u a t e  l e v e l  of c i r c u l a t i n g  c u r r e n t  c a n  b e  ma in t a ined  a t  a  
r e a s o n a b l e  l e v e l  of  c a t h o d e  c u r r e n t .  The l i m i t e d  c i r c u m f e r e n t i a l  
d i s t a n c e  t r a v e l e d  d u r i n g  each  a x i a l  t r a n s i t  of t h e  e l e c t r o n s  r e d u c e s  
t h e  impor t ance  of t h e  o r i g i n a l  concep t  of  r e e n t r a n c y .  A n o n - r e e n t r a n t  
approach  makes i n v a l i d  t h e  u s e  of  a  f u l l  c i r c l e  c a t h o d e ,  s i n c e  t h e  
c u r r e n t  i n j e c t e d  n e a r  t h e  o u t p u t  r e g i o n  of  t h e  t u b e  would b e  l a r g e l y  
w a s t e d ,  and t h e r e f o r e  d i s t r i b u t e d  e m i s s i o n  i s  t o  be  ma in t a ined  b u t  
w i t h  a  c a t h o d e  segment t h a t  c o v e r s  o n l y  a  f r a c t i o n  o f  t h e  c i r c u i t  
c i r c u m f e r e n c e .  The concep t  of a  mu l t i - e l emen t  c o l l e c t o r  t o  r e c e i v e  
t h e  s p e n t  e l e c t r o n s  a t  a  p o t e n t i a l  app rox ima te ly  e q u a l  t o  t h a t  w i t h  
which t h e y  e x i t  from t h e  i n t e r a c t i o n  s p a c e  i s  r e t a i n e d .  Th i s  c o n t i n u e s  
t o  p r o v i d e  t h e  c a p a b i l i t y  f o r  m a i n t a i n i n g  a  h i g h  l e v e l  of e f f i c i e n c y  
ove r  wide  r ange  of d r i v e  l e v e l .  
A method of  combining t h e  o r i g i n a l  a x i a l  i n j e c t i o n  a m p l i f i e r  
approach  w i t h  t h e  m o d i f i c a t i o n s  u s t  e n u n c i a t e d  i s  i l l u s t r a t e d  i n  
F i g u r e  3. It is  s e e n  h e r e  t h a t  a  ca thode  segment of  l i m i t e d  circum- 
f e r e n t i a l  l e n g t h  p r o v i d e s  t h e  c u r r e n t .  The beam r e f l e c t i o n  o c c u r s  a t  
t h e  end s p a c e s  a t  e i t h e r  a x i a l  t e r m i n a l  of t h e  i n t e r a c t i o n  s p a c e .  A 
m u l t i - e l e m e n t  c o l l e c t o r  sys t em i s  now p l a c e d  i n  l i n e  w i t h  t h e  circum- 
f e r e n t i a l  v e l o c i t y  v e c t o r  of  t h e  e l e c t r o n  s t r e a m  r a t h e r  t h a n  i n  t h e  
end s p a c e  a s  was done i n  t h e  p r e s e n t  program. Thus,  t h e  c o l l e c t o r  
s t r u c t u r e  s e r v e s  a  d u a l  pu rpose .  I t  p r e v e n t s  e l e c t r o n  s t r e a m  r e e n t r a n c y  
w h i l e  a t  t h e  same t ime  p r o v i d i n g  a  s equence  of p o t e n t i a l  l e v e l s  appro-  
p r i a t e  t o  t h e  d e g r e e  of  RF modu la t ion  e x i s t i n g  on t h e  s p e n t  beam. I t  
i s  b e l i e v e d  t h a t  t h e s e  m o d i f i c a t i o n s  t o  t h e  o r i g i n a l  fo rma t  of t h e  
a x i a l  i n j e c t i o n  a m p l i f i e r  concep t  w i l l  l e a d  t o  a  f u l l  r e a l i z a t i o n  of 
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